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regulates the development of osteoarthritis via modulating
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Inflammatory diseases decrease the extracellular environmental pH. However, whether proton-activated G protein-coupled
receptors (GPCRs) can regulate the development of osteoarthritis (OA) is largely unknown. In this study, we report that proton-
activated GPR4 is essential for OA development. We found a marked increase in expression of the proton-activated GPR4 in human
and mouse OA cartilage. Lentivirus-mediated overexpression of GPR4 in mouse joints accelerated the development of OA,
including promotion of articular cartilage damage, synovial hyperplasia, and osteophyte formation, while Gpr4 knockout effectively
attenuated the development of posttraumatic and aging-associated OA in mice. We also found that inhibition of GPR4 with the
antagonist NE52-QQ57 ameliorated OA progression in mice, promoted extracellular matrix (ECM) production, and protected
cartilage from degradation in human articular cartilage explants. Moreover, GPR4 overexpression upregulated matrix-degrading
enzymes’ expression and inflammation factors under pro-inflammatory and slightly acidic conditions. Mechanistically,

GPR4 suppressed chondrocyte differentiation and upregulated cartilage homeostasis through NF-kB/MAPK signaling activation by
regulating CXCR7/CXCL12 expression. Together, our results take the lead to illustrate that proton-activated GPCR acts as a key
regulator for OA pathogenesis in vivo, and support that GPR4 could be a promising therapeutic target for OA treatment.
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INTRODUCTION

Osteoarthritis (OA) is the most common degenerative disease of
the joints and is characterized by cartilage degradation, synovial
inflammation, subchondral bone sclerosis and osteophyte forma-
tion [1]. Over 300 million people globally are afflicted with OA,
ultimately resulting in pain and physical disability [2]. Although
increasingly studies have identified etiologic risk factors involved
in the development of OA, including aging, mechanical, meta-
bolic, or genetic factors, there are no effective clinical drugs that
can prevent or treat the degeneration of articular cartilage
associated with OA [3, 4].

The hallmark of OA is cartilage matrix breakdown, which is
caused by excessive matrix-degrading enzyme activity and/or
downregulation of chondrocyte extracellular matrix (ECM) mole-
cules [5]. Among the matrix-degrading enzymes, MMPs and
ADAMTS family proteases [6, 7], which degrade type Il collagen
and aggrecan, are known to play an important role in OA cartilage
destruction. In addition, proinflammatory cytokines such as
interleukin-1B (IL-1B), tumor necrosis factor-alpha (TNF-a), and
interleukin-6 (IL-6) also contribute to the pathogenesis of OA.

These proinflammatory cytokines can lead to upregulation of
cartilage matrix-degrading enzymes (e.g, MMP13 and MMP3)
[8, 9] and induction of nitric oxide synthase (iINOS) [10]. However,
the regulatory mechanism of OA-related catabolic genes in
chondrocytes remains unclear.

Extensive studies have indicated that inflammatory diseases
decrease the pH of the extracellular environment [11, 12].
Increasing evidence shows that an acidic extracellular environ-
ment plays an important role in various pathological processes
including bone remodeling and arthritis [13, 14]. However, there
are controversial reports regarding environmental pH regulation
in OA joints. It has been reported that the pH value of OA synovial
fluid is 7.38-7.55 [15-17]. However, another study showed that the
degenerating superficial zone of articular cartilage is acidic, in
which a pH of 6.7-7.5 was observed in grade 0 cartilage surfaces,
while the pH was 4.5-6.5 in grade 3 cartilage surfaces [18]. Acid
sensing is essential for maintaining normal cell function through
acid-sensing ion channels or proton-activated G protein-coupled
receptors (GPCRs) [19, 20]. The proton-activated GPCR family
includes 4 members, GPR4, GPR65 (TDAGS8), GPR132 (G2A), and
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GPR68 (OGR1) [19]. GPR4, cloned as an orphan receptor in 1995
[21], is widely distributed and expressed in many human tissues,
including lung, kidney, liver, dorsal raphe neurons, and heart
[21, 22]. GPR4 is a novel proton-activated receptor, activated at a
slightly acidic pH [19]. Previous studies have shown that in
endothelial cells, GPR4 can sense acidic pH and induce the
expression of a series of inflammatory factors including inter-
leukins (ILs), as well as adhesion molecules including VCAM]T,
ICAM1 [23]. The expression of RANKL in osteoblasts in an acidic
environment is mediated by cAMP/PKA signals downstream of
GPR4 activation [24]. In addition, GPR4 promotes VEGFA secretion
via the p38 signaling pathway in squamous cell carcinoma of the
head and neck [25]. In endothelial cells, GPR4 can active acidosis-
induced ER stress and inflammation [26]. Recently, the anti-
inflammatory role of the GPR4 antagonist NE52-QQ57 in rat
antigen-induced rheumatoid arthritis as well as in a hyperalgesia
and angiogenesis model has been reported [27]. An in vitro study
indicates that a GPR4 antagonist inhibited the advanced glycation
end product (AGE)-induced increased expression of several key
inflammatory cytokines and signaling molecules in the human
chondrocyte SW1353 cell line [28]. However, the functions of
proton-activated GPCRs in regulating OA pathogenesis have not
been studied.

In this study, we found that the expression of GPR4 was
upregulated in human and mouse OA articular cartilage and
overexpression of GPR4 or loss of GPR4 notably regulated articular
cartilage degeneration, synovitis, osteophyte formation, and OA-
associated pain. We identify activation of the CXCL12/CXCR7-NF-
KB/MEK signaling pathway as critical for mediating GPR4
modulation of OA cartilage homeostasis. Our results support that
the proton-activated GPCR GPR4 is an effective therapeutic target
for OA treatment.

MATERIALS AND METHODS

Human OA cartilage samples

Human cartilage samples were obtained from individuals undergoing total
knee arthroplasty, with the approval of the Human Ethics Committee of
Shanghai Sixth People’s Hospital (2021-048). Basic clinical information of
these patients is presented in Supplementary Table 2. Human cartilage
explants were cultured as recently described [29]. Briefly, cartilage explants
were cut into pieces of about 2 X 5 mm. They were then cultured in DMEM
containing 10% FBS, supplemented with NE52-QQ57 (MedChemExpress,
HY-1D1784, 10 uM) or vehicle for 1 week. Cartilage explants were then
collected for histological analysis and mRNA expression level examination,
while supernatant was collected for testing using the 1, 9, dimethyl
methylene blue (DMMB) (Sigma-Aldrich, 341088-1G) assay.

Mice

C57BL/6) male mice and Gpr4~'~ male mice were used for experimental
OA studies. Ten- to twelve-week-old C57BL/6J (WT) male mice were
purchased from GemPharmatech Co., Ltd. (Nanjing, China). Gpr4 global
knockout mice (Gpr4~'~) were generated by the Animal Center of East
China Normal University, using the CRISPR/Cas9 system in the C57BL/6J
mouse strain. Gpr4 '~ mice were identified via polymerase chain reaction
(PCR) using primers (sense, 5'GACAACAGCACGGGCACA3’; anti-sense, 5’/
AGCACAATGGCGATGAGG3'). All mice were maintained in pathogen-free
barrier facilities and housed at 5 per cage with 12 h light/dark cycles. All
animal experiments were performed in accordance with the procedures
approved by the Animal Center of East China Normal University and the
Animal Care and Ethics Committee of East China Normal University.

Posttraumatic and aging-associated OA mouse models

Posttraumatic experimental OA was induced by DMM surgery in 10-12-
week-old male mice as previously described [30]. Animals with the same
genotype were randomly assigned to the sham and surgery groups. WT
littermates were used as controls for Gpr4 '~ mice. The knee joints were
harvested 8 weeks after DMM surgery for histological analyses. Experi-
mental OA was also induced and mice were intra-articularly injected with
lentivirus expressing GPR4 (Lenti-Gpr4 or empty vector lentivirus as
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negative control (Lenti-Ctrl). Lentivirus (1 x 10° pfu in 10 pl) was injected
into the intra-articular joint cavity using a microsyringe once per week for
7 weeks. Eight weeks after DMM surgery, the mice were sacrificed for
micro-CT and histological analyses. The GPR4 antagonist NE52-QQ57
(MedChemExpress, HY-1D1784, 30 uM in 10 pl) was delivered into mouse
knee joints via IA injection two times per week beginning 4 days after
DMM surgery, and then 6 weeks after DMM surgery, the mice were
sacrificed for micro-CT and histological analyses. Gpr4 /~ mice and WT
littermates were maintained for 12 months as an aging-associated
OA model.

Micro-CT analysis of knee joints

The osteophyte development of mouse knee joints was detected by micro-
CT analysis. The knee joints were scanned using X-ray microtomography
(SKYSCAN 1272, Bruker micro-CT) under the conditions of 60 kV, 166.0 yA,
and a resolution of 7 um per pixel. Three-dimensional reconstruction of the
knee joints was produced using CTVOL (Bruker micro-CT).

Histology, immunohistochemistry, and immunofluorescence
Human cartilage samples were decalcified in 0.5 M EDTA at 4 °C for 7 days
after being fixed in 4% paraformaldehyde (PFA), then embedded in
paraffin and sectioned continuously (6 um in thickness). The paraffin
sections were stained with Safranin-O/Fast green. Human OA cartilage
degradation was scored using the International Cartilage Repair Society
(ICRS) grading system as described previously [31]. For immunohisto-
chemistry staining, the sections were pre-treated using proteinase K
mediated Antigen retrieval, which was performed with 20 pg/ml protei-
nase K for 20 min at 37°C, and then sequentially treated with 3% H,0,,
0.1% Triton X-100 and blocking with 5% BSA for 1 h at room temperature.
Next, sections were treated with GPR4 (1:100; Thermo Fisher; Waltham, MA,
PA5-33710), MMP13 (1:100; Abcam; Cambridgeshire, UK, ab39012), or
MMP3 (1:100; Proteintech; 17873-1-AP) antibodies overnight at 4°C.
Horseradish peroxidase (HRP)-conjugated secondary antibody was incu-
bated for 1 h at room temperature and followed by treatment with ABC Kit
reagents (Vector Laboratories, Burlingame, CA, USA). IHC signals were
detected with the DAB Substrate Kit (Vector Laboratories, Burlingame, CA,
USA). For fluorescence immunostaining, sections were incubated with Col2
(1:100; Abcam; Cambridgeshire, UK, ab34712) overnight at 4°C and then
incubated with secondary antibody conjugated with Alexa Fluor 488
(1:200; Invitrogen, Carlsbad, CA, USA) for 1 h at room temperature, while
nuclei were counterstained with DAPI (Beyotime Institute of Biotechnol-
ogy, Jiangsu, China). Images were acquired with an Olympus microsystems
microscope (Olympus Corporation, Tokyo, Japan) and analyzed using
ImageJ software (V1.52v).

For experiments using mouse models, the knee joints of mice were fixed
in 4% PFA at 4°C for 48h, decalcified in 0.5M EDTA for 14 days, and
embedded in paraffin. Paraffin blocks were cut into sections with a
thickness of 6 pm. The paraffin sections were stained with Safranin-O/Fast
green and Hematoxylin & Eosin (H&E). The OARSI grading system was used
to evaluate cartilage damage by blinded observers [32]. Synovitis was
scored as previously described [33]. Osteophyte maturity and formation
were quantified as previously described [34]. For immunohistochemistry
staining, similarly to human cartilage, staining for Col X (1:1000; Abcam;
Cambridgeshire, UK, ab58632), MMP13 (1:100; Abcam; Cambridgeshire, UK,
ab39012), Col2 (1:100; Abcam; Cambridgeshire, UK, ab34712), GPR4 (1:100;
Thermo Fisher; Waltham, MA, PA5-33710), and CXCR7 (1:200; Proteintech;
20423-1-AP) was performed. Images were acquired with an Olympus
microsystems microscope (Olympus Corporation, Tokyo, Japan) and
analyzed using ImageJ software (V1.52v). Osteophyte size (0-3) and
osteophyte maturity (0-3) were scored according to a previous study [34].

OA pain assay

We assessed behavioral pain using the von Frey assay and the hotplate
test. Mechano-sensitivity experiments were performed using von Frey
filaments (Ugo Basile Biological Research Apparatus Company, Milan, Italy).
For the thermal hyperalgesia test, mice were placed on the hot plate meter
(Ugo Basile Biological Research Apparatus Company, Milan, Italy), setting
PSU40. The mice were placed in a plexiglass cylinder and kept quiet for
1-2 h. The incubation period was recorded until licking and/or shaking or
jumping of the hind paws, at which point the mice were immediately
moved away from the hot plate. Each mouse was measured at 3 points at a
time for 3 times, with an interval of 30 min for each time. Investigators
were blinded to specific groups.

Cell Death and Disease (2022)13:152



Cell culture

Mouse primary chondrocytes from WT or Gpr4 ”~ mice were isolated from
articular cartilage postnatal day 4 pups and digested overnight with 0.1%
collagenase. Primary chondrocytes were cultured in DMEM/
F12 supplemented with 1% penicillin/streptomycin and 10% fetal bovine
serum. Cells were passaged when confluence reached 80-90%. P1 cells
were used for each experiment according to specific experimental
requirements. The ATDC5 cell line was purchased from Riken Cell Bank
(Ibaraki, Japan) and maintained in DMEM supplemented with 10% FBS and
1% penicillin/streptomycin.

Mouse primary chondrocyte micromass culture and Alcian
blue staining

For micromass culture, P1 chondrocytes (2.5x 10* cells in 12.5 ul) were
dropped into round droplets in wells of a 24-well-plate, placed for
attachment at 37°C for 3-4h, supplemented with 500 ul chondrocyte
differentiation medium and cultured for 3 days, then subjected to Alcian
blue staining and RNA extraction. For Alcian blue staining, micromass
cultures were washed with PBS for 3 times, then fixed at room temperature
for 15 min in 4% PFA, and stained with Alcian blue solution (1.0% Alcian
blue in 0.1 N HCI) for 4 h. ddH,0 washes were performed until no color was
visible in the supernatant. Images were acquired with a Nikon camera and
quantified using ImageJ software.

Lentiviral construct packaging

Expression construct of mouse Gpr4 was subcloned into pLVX-IRES-
ZsGreen1 vector by inserting the CDS of gene at Ecor | and Xba | sites. The
GPR4 lentivirus was produced using a 3rd Generation Packaging system
(including packing plasmids: PMD2G and PSPAX2; expression plasmid:
PLVX-IRES-GPRA4). Briefly, the plasmid was transfected with 293T cells using
PEl as a normal transfection procedure. The supernatant was collected
after 48 h, and the lentivirus particles were concentrated by ultracen-
trifugation at 50,000 x g (Beckman Coulter, USA) for 70 min at 4 °C. Then,
the pellets were resuspended with 500 pl PBS and stored at —80 °C. The
PFU of lentiviral particles were determined as previously reported [35].

Reporter gene assay

Luciferase assay was performed in ATDC5 cells using an NF-kB Luciferase
Reporter (Promega, USA). ATDC5 cells were plated at 25% confluence in
24-well tissue culture plates and NF-kB luciferase reporter (50 ng), GPR4
plasmid (500 ng), or vector (pcDNA3.1) were co-transfected with Renilla
plasmid (10 ng) on the next day. Twenty-four hours after transfection, the
cells were treated with IL-13 (1 ng/ml), with or without 10 uM NE52-QQ57
for 24 h. Then cells were harvested and luciferase activity was assessed
with the Dual-Luciferase Reporter Assay System (Promega, USA).

siRNA preparation, transfection, and quantitative real-time
PCR

The sequence of the siRNA against CXCR7 was siRNA1: 5’GGAUGUGCAC
UUGUUUGACUAUGCA3Z, siRNA2: 5"CACAGUAGCCGGAAGAUCAUCUUCUZ,
obtained from Biotend (Shanghai, China). ATDC5 cells were plated in 24-
well-plate at a density of 5x 10* cells/well. After 12-16 h, siRNA targeting
CXCR7 (siCXCR7) (100nM) was transfected using Lipofectamine 2000
(Thermo Fisher, 11668019) for 24 h and cells were treated with IL-1f3 (1 ng/
ml) for 24 h. Total RNA was extracted using TRIzol reagent (MaGen, R4801-
02). cDNA was synthesized using PrimeScript™ RT reagent Kit (TaKaRa Bio,
Kyoto, Japan). gRT-PCR was amplified with PCR using SYBR premixExTaq
reagents (Yeasen, Shanghai, China) quantified by Step One Plus PCR
system (AB Applied, Life Technologies, Thermo Fisher Scientific, Waltham,
MA, USA). All qRT-PCR was performed in 3 replicates, and each target gene
was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Relative gene expression levels were expressed as fold changes, using the
2722T method. The primers used are summarized in Supplementary Table
3.

Protein extraction and western blotting

ATDC5 cells were transfected with GPR4 or empty vector for 48 h using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After 12h of
starvation, the cells were stimulated with 10 ng/ml IL-13 at 37 °C for 0, 5,
15, and 30 min, with or without the presence of NE52-QQ57 (10 uM). Total
cell lysates were prepared in lysis buffer (150 mM NaCl, 50 mM Tris/HCI pH
7.5, 1% Triton X-100, 1 mM EDTA, 50 mM NaF, 10% (v/v) glycerol, protease
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inhibitors cocktail, and phosphatase inhibitors cocktail). The cell lysate was
incubated on ice for 30 min and centrifuged at 12,000 rpm at 4°C for
30 min. The protein concentration of the sample was determined by BCA
assay (Thermo Fisher; 23225). The protein samples were then subjected to
Western blot analysis using primary antibodies against MMP3 (1:1000;
Proteintech, 17873-1-AP), MMP13 (1:1000; Servicebio, Wuhan, China), ERK
(1:2000; Cell Signaling Technology, #4695), NF-kB p65 (1:1000; Cell
Signaling Technology, #8242), p38 (1:1000; Cell Signaling Technology,
#8690), p-SAPK/JNK (1:1000; Cell Signaling Technology, #9252), phospho-
ERK (1:2000; Cell Signaling Technology, #4377), NF-kB p-p65 (1:1000; Cell
Signaling Technology, #3033), phospho-38 (1:1000; Cell Signaling Technol-
ogy, #9216), p-SAPK/JNK (1:1000; Cell Signaling Technology, #4668), and
GAPDH (1:5000; Abcam). Densitometry of protein bands was quantified by
using ImagelJ software (V1.52 v). IkBa was normalized to GAPDH, p-P65, p-
IJNK, p-ERK, p-P38 were normalized to total p65, JNK, ERK, and p38,
respectively.

p65 nuclear localization by immunofluorescence

ATDC5 cells were transfected with GPR4 or empty vector for 48 h in 24-
well-plate at a density of 6 x 10* cells/well. The cells were stimulated with
1 ng/ml IL-1B at 37 °C for 12 h, with or without the presence of NE52-QQ57
(10 uM). The cells were fixed in 4% PFA for 10 min, permeabilized with
0.1% Triton X-100 in PBS for 10 min, and blocked with 5% BSA for 1 h at
room temperature. The cells were then treated with anti-NF-kB p65 (1:200;
Cell Signaling Technology) overnight at 4 °C and incubated with secondary
antibody conjugated with Alexa Fluor 594 (1:200; Invitrogen, Carlsbad, CA,
USA) for 1 h at room temperature. The nuclei were counterstained with
DAPI (Beyotime Institute of Biotechnology, Jiangsu, China). Images were
acquired with an Olympus microsystems microscope (Olympus Corpora-
tion, Tokyo, Japan) and analyzed using ImageJ software (V1.52v).

Statistical analysis

All experiments were performed independently at least three times. Data
are presented as mean +s.d. For qRT-PCR, data are expressed as relative
fold changes. The statistical significance of two independent groups was
analyzed by the unpaired two-tailed Student'’s t test, multiple comparisons
were performed using one-way analysis of variance (ANOVA) followed by
Bonferroni's test, and two-way ANOVA followed by Tukey's post hoc test
using Prism 8 software (GraphPad). The level of significance was accepted
at p <0.05.

RESULTS

GPR4 expression was upregulated in human and mouse OA
articular cartilage

To elucidate the potential role of the proton-activated GPCR GPR4 in
OA pathogenesis, we collected human articular cartilage tissues from
eight OA patients undergoing total knee replacement, and examined
the expression levels of GPR4 in the OA cartilage tissues (Damaged)
and relatively undamaged regions (Intact) of arthritic cartilage.
Quantitative reverse transcription (QRT-PCR) analysis revealed that
GPR4 expression was markedly elevated in damaged regions
compared with intact tissues in the OA patients. GPR4 also showed
a significant positive correlation with MMP3, a marker for ECM
degradation, and a negative correlation with the COL2A1, a marker
for ECM production (Fig. 1A, B). Consistent with our gRT-PCR results,
the GPR4 protein level was increased in damaged OA cartilage but
was barely detectable in intact regions using IHC staining (Fig. 1C, D).
We further examined the expression level of GPR4 in the articular
cartilage of both the destabilization of the medial meniscus (DMM)
surgery-induced posttraumatic OA mouse model [30] and the aging-
associated OA mouse model [36]. Similarly, the GPR4 protein level
was notably increased in the cartilage of these two mouse OA
models (Fig. 1E-H). All our results indicate that the expression of
GPR4 was positively correlated with OA.

Overexpression of GPR4 in joints promoted posttraumatic OA
progression in vivo

To investigate the role of GPR4 in the pathogenesis of OA, we
employed the posttraumatic OA mouse model. Four days after
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Fig. 1 GPR4 expression was upregulated in human and mouse OA articular cartilage. A The mRNA levels of GPR4 in intact and damaged
regions of articular cartilage from OA patients (n = 8) were determined by gRT-PCR. Data are expressed as mean + s.d. **p < 0.01 by Student’s
two-tailed t test. B Correlation between the expression of GPR4 and COL2A1 (left), or MMP3 (right) in intact and damaged regions of articular
cartilage from OA patients (n = 8) by qRT-PCR. Pearson'’s correlation analysis was performed. C, D Representative images of Safranin-O staining
and immunohistochemistry (IHC) staining of GPR4 in intact and damaged regions of articular cartilage from human OA patients (C), Scale bar,
50 pm (n = 8 patients per group). International Cartilage Repair Society (ICRS) scores of human OA cartilage were analyzed (D, left) and GPR4
positive cells were quantified by IHC (D, right). n = 8. Data are expressed as mean *s.d. **p < 0.01, ***p < 0.001 by Student’s two-tailed t test.
E-H Staining of articular cartilage sections with Safranin-O and GPR4 IHC from sham-operated (n = 6) or DMM-operated (n = 7) mice (E) or 4-
or 24-month-old mice (n=7). Scale bars, 50 um. G The corresponding OARSI (Osteoarthritis Research Society International) scores were
assessed (F and H, left) and GPR4 expression was quantified (F and H, right), respectively. n = 7. Data are expressed as mean * s.d. **p < 0.01,
***p <0.001 by Student’s two-tailed t test.
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DMM surgery, lentivirus expressing GPR4 (Lenti-Gpr4) or empty
control (Lenti-Ctrl) virus were intra-articular (IA) injected (Supple-
mentary Fig. 1A). IHC staining showed that IA injection of Lenti-
Gpr4 triggered effective overexpression of GPR4 in cartilage and

Cell Death and Disease (2022)13:152

meniscus at 8 weeks after DMM surgery (Supplementary Fig. 1B).
Compared with the control group, our results showed that GPR4
overexpression significantly aggravated DMM surgery-induced OA
and cartilage destruction as assessed by Safranin-O staining
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Fig.2 Lentivirus-mediated overexpression of GPR4 in mouse joint accelerated the development of posttraumatic OA. A, B Representative
images of Safranin-O staining of mouse joints injected with lentivirus expressing GPR4 (Lenti-Gpr4) or empty control (Lenti-Ctrl). Four days
after DMM surgery, the mice were IA injected with lentivirus once a week. Eight weeks later, the joints were collected and subject to Safranin-
O staining (A). Scale bars, 50 pm. OARSI scores (B) were analyzed. Sham groups (n = 7 mice), DMM groups (n = 7 mice). Data are expressed as
mean = s.d. **p < 0.01 using two-way ANOVA followed by Tukey’s post hoc test. C-F Representative images of indicated antibody IHC staining
of knee joint sections taken 8 weeks after DMM or Sham operation with Lenti-Gpr4 or Lenti-Ctrl injection. The corresponding quantitative
analyses were shown in (D-F). Scale bars, 50 pm. n =7 per group. Data are expressed as mean +s.d. *p < 0.05, **p < 0.01, ***p <0.001 using
two-way ANOVA followed by Tukey’s post hoc test. G, H The joints were collected and subjected to H&E and IHC staining. Scale bars, 50 pm. G
Synovitis scores were determined based on H&E staining (H left, n=7) and F4/80 positive cells were quantified (H right, n =7). Data are
expressed as mean + s.d. *p < 0.05, ***p < 0.001 using two-way ANOVA followed by Tukey’s post hoc test. | Von Frey assay (left) and thermal
hyperalgesia test (right) were performed 8 weeks after DMM or Sham operation with Lenti-Gpr4 or Lenti-Ctrl injection. n>6. Data are
expressed as mean *s.d. *p < 0.05 using two-way ANOVA followed by Tukey’s post hoc test.

(Fig. 2A, B). Moreover, the cartilage anabolic marker Aggrecan
(Acan) was decreased (Fig. 2C, D) while the cartilage catabolic
marker Mmp13 (Fig. 2C, E) and the chondrocyte hypertrophic
marker ColX (Fig. 2C, F) were increased in GPR4 overexpression
mice compared to control mice 8 weeks post DMM surgery. Our
micro-CT results also showed that overexpression of GPR4
remarkably increased osteophyte formation including osteophyte
size and osteophyte maturity in this mouse model (Supplementary
Fig. 1C, D). Furthermore, GPR4 overexpression promoted DMM
surgery-induced synovitis and macrophage infiltration by H&E
staining and F4/80 immunostaining (Fig. 2G, H). As a result, GPR4
overexpression mice had lower paw-withdrawal thresholds and a
shorter hotplate response time compared with the control mice
after DMM surgery (Fig. 21), indicating that overexpression of GPR4
enhanced OA pain. Together, all the results demonstrate that
GPR4 is a positive regulator in OA pathogenesis.

Genetic ablation of Gpr4 prevented the development of
posttraumatic and aging-associated OA

To determine the role of endogenous GPR4 in OA pathogenesis,
we generated Gpr4 knockout (KO) mice using the CRISPR/Cas9
technology (Supplementary Fig. 2A, C). Gpr4 knockout had little
effect on cartilage development including the morphology and
area of growth plates (Supplementary Fig. 2D, E).

We investigated the effect of GPR4 on the development of OA
in posttraumatic and aging-associated OA mouse models. In the
posttraumatic OA model, we found that knocking out Gpr4
markedly relieved OA and cartilage degradation as examined
through Safranin-O staining (Fig. 3A, B). The cartilage anabolic
marker Acan and Col2 were increased while the cartilage catabolic
marker Mmp13 and the chondrocyte hypertrophic marker ColX
were decreased in the Gpr4 deficient group compared to the WT
group (Fig. 3C, D). Synovitis and macrophage infiltration were
notably decreased in Gpr4~~ mouse synovium compared to WT
mice (Fig. 3E, F). Behavioral pain test results also showed that
Gpr4~"~ mice had higher paw-withdrawal thresholds and longer
hotplate response times compared with WT mice after DMM
surgery (Fig. 3G). However, there were no significant differences in
osteophyte size and osteophyte maturity between Gpr4 knockout
and WT mouse joints (Supplementary Fig. 3A). Similar results were
obtained from the aging-associated OA mouse model that Gpr4
knockout remarkably relieved OA and cartilage degradation as
determined by Safranin-O staining (Fig. 3H, 1), and suppressed
synovitis by H&E staining of synovium (Fig. 3J, K). Together, our
results demonstrated that depletion of GPR4 inhibited the
development of posttraumatic and aging-associated OA.

GPR4 antagonist treatment ameliorated OA progression

We next asked whether targeting GPR4 is effective for OA
treatment. We evaluated the effect of the GPR4 antagonist NE52-
QQ57 on a posttraumatic OA mouse model. NE52-QQ57 (NE)
treatment notably inhibited the progression of OA and cartilage
destruction, and markedly reduced OARSI scores after IA injection

SPRINGER NATURE

(Fig. 4A, B). Consistent with these results, NE treatment
upregulated the cartilage anabolic markers Acan and Col2, while
it reduced levels of the cartilage catabolic marker Mmp13 and the
hypertrophic marker ColX (Fig. 4C). NE injection also inhibited
DMM surgery-induced osteophyte formation (Fig. 4D, E) and
synovitis including macrophage infiltration (Fig. 4F, G). As a result,
NE treatment significantly reduced OA pain measured by the Von
Frey assay and the thermal hyperalgesia test (Fig. 4H).

GPR4 antagonist promoted ECM production and protected
cartilage from degradation in human articular cartilage
explants

To assess the role of GPR4 in human cartilage, we isolated articular
cartilage from relatively intact regions of arthritic cartilage during
total knee arthroplasty, and treated the cartilage explants with the
GPR4 antagonist NE for 1 week. NE strikingly promoted the
proteoglycan content and increased the proteoglycan area
observed in the Safranin-O and Alcian blue staining assay
(Fig. 5A, B). NE treatment also inhibited the release of
glycosaminoglycans (GAG, an ingredient of cartilage ECM), as
examined using the 1, 9, dimethyl methylene blue (DMMB) assay
(Fig. 5C). Furthermore, NE treatment enhanced the expression of
COL2AT1 while inhibiting the expression of MMP3 by qRT-PCR (Fig.
5D). Similar results were obtained from IHC staining where NE
treatment promoted the expression of COL2 and suppressed the
expression of MMP3 and MMP13 in human articular cartilage
explants (Fig. 5E). All the data indicated that GPR4 could be a
promising drug target for OA treatment.

GPR4 upregulated catabolic marker gene expression under
pro-inflammatory and slightly acidic conditions, suppressing
chondrocyte differentiation

To further confirm GPR4 regulation of cartilage destruction in OA,
we examined the expression of cartilage anabolic and catabolic
marker genes from primary cultured WT and Gpr4 KO mouse
chondrocytes. We found that the expression of the catabolic
marker genes Mmp3, Mmp13, Nos2, and Il-6, which are important
molecules regulating cartilage degradation, was dramatically
downregulated in Gpr4~~ chondrocytes after IL-18 stimulation
while Mmp3 and Il-6 expression were reduced after TNF-a
stimulation (Fig. 6A and Supplementary Fig. 4A). Similarly, the
GPR4 antagonist NE decreased IL-1B-induced Mmp3, Mmp13, and
II-6 gene expression (Supplementary Fig. 4B). In contrast, over-
expression of GPR4 in ATDC5 cells significantly increased the
expression of all the factors in response to IL-1 or TNF-a (Fig. 6B
and Supplementary Fig. 4C, D). The decreased Mmp3 and Mmp13
protein levels were also confirmed by western blot analysis
(Fig. 6C, D).

Because GPR4 is a proton-activated G protein-coupled receptor,
activated by slightly acidic pH [19], we next evaluated whether
lower pH-induced GPR4 activation affected catabolic marker gene
expression. We found that the expression of the four catabolic
marker genes was dramatically upregulated when the pH was
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Fig. 3 Gpr4 knockout blocked the development of posttraumatic and aging-associated OA in mice. A, B Representative images of
Safranin-O staining of the knee joint at 8 weeks after sham operation (Sham) or DMM surgery (DMM) from WT mice (n = 7) and Gpr4 knockout
(KO) littermate mice (n = 6). The corresponding OARSI scores are shown (B). Scale bar, 50 pm. Data are expressed as mean + s.d. ***p < 0.001
using two-way ANOVA followed by Tukey’s post hoc test. C, D Representative images of IHC staining for anabolic factors Acan and Col2, and
catabolic factors Mmp13 and ColX from knee joint sections of Gpr4 WT and KO littermate mice 8 weeks after DMM surgery. Scale bars, 50 pm
(€). Quantitative analysis is shown in (D). WT mice (n = 7) and Gpr4 knockout (KO) littermate mice (n = 6). Data are expressed as mean *s.d. *p
< 0.05, **p < 0.01 by unpaired two-tailed Student’s t test. E, F Gpr4 knockout relieved synovial inflammation and macrophage infiltration in an
OA mouse model. Eight weeks after DMM surgery, mouse joints were collected and subjected to H&E and F4/80 IHC staining (E). Synovitis
scores were calculated based on the H&E staining (F left) and F4/80 positive cells were quantified (F right) in sections from WT (n =7) and
Gpr4 knockout (KO) littermate mice (n = 6). Data are expressed as mean £ s.d. **p < 0.01 by unpaired two-tailed Student’s t test. G Von Frey
assay (left) and thermal hyperalgesia test (right) were performed 8 weeks after DMM surgery was performed on WT (n = 7) and Gpr4 knockout
(KO) littermate mice (n = 6). Data are expressed as mean * s.d. *p < 0.05 by unpaired two-tailed Student’s t test. H, | Representative images of
Safranin-O staining of the knee joint from 12-month-old Gpr4 KO (n = 4) and wild type (WT) littermate mice (n = 7). The corresponding OARSI
scores were evaluated (). Scale bars, 100 um. Data are presented as mean + s.d. *p < 0.05 using unpaired two-tailed Student’s t test. J, K Gpr4
deletion relieved synovial inflammation in aging mice. The joints of 12-month-old mice were collected and subjected to H&E staining (J).
Synovitis scores were determined based on the H&E staining (K) of sections from GPR4 KO mice (n = 4) and wild-type (WT) littermate mice (n
=7). Data are expressed as mean *s.d. ***p < 0.001 by unpaired two-tailed Student’s t test. Scale bars, 100 pm.
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Fig. 4 Pharmaceutical inhibition of GPR4 suppressed the progression of OA. A, B Representative images of Safranin-O staining of the knee
joint at 6 weeks after DMM surgery. The mice were |A injected with 10 pl PBS or NE52-QQ57 (NE, 30 pM) two times per week. Six weeks later,
the mouse joints were collected and subjected to staining (A). The corresponding OARSI scores were analyzed (B). n =7 mice per group. Data
are presented as mean + s.d. **p < 0.01, using two-way ANOVA followed by Tukey’s post hoc test. Scale bar, 50 pm. C Representative images of
IHC staining (for anabolic factors Acan and Col2, catabolic factors Mmp13 and ColX) of sections from PBS or GPR4 antagonist NE52-QQ57 (NE)
IA injected mice (C). Scale bars, 50 pm. D Representative three-dimensional micro-CT images of the knee joints in sagittal view. The red arrows
indicate osteophytes. E Osteophyte formation was scored by assessing osteophyte size (left) and maturity (right) from PBS or GPR4 antagonist
NE52-QQ57 (NE) IA injected mice. Six weeks post DMM surgery, the mouse joints were collected and subjected to osteophyte score analysis. n
= 7 mice per group. Data are expressed as mean * s.d. *p < 0.05, ***p < 0.001 two-way ANOVA followed by Tukey’s post hoc test was used for
statistical analysis. F Treatment of GPR4 antagonist NE52-QQ57 (NE) relieved synovial inflammation and microphage infiltration in an OA
mouse model. Six weeks after DMM surgery, mouse joints were collected and subjected to H&E and F4/80 IHC staining. Scale bars, 50 um. G
Synovitis scores were evaluated based on H&E staining (G left, n=7) and F4/80 positive cells were quantified (G right, n=7). Data are
expressed as mean *s.d. *p <0.05, ***p <0.001 by two-way ANOVA followed by Tukey’s post hoc test. H Von Frey assay (left) and thermal
hyperalgesia test (right) were performed 6 weeks after DMM surgery with PBS or NE52-QQ57 (NE) treatment (n = 7). Data are presented as
mean + s.d. *p < 0.05, using two-way ANOVA followed by Tukey’s post hoc test.
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Fig. 5 Inhibition of GPR4 promoted ECM production and suppressed cartilage catabolism in human articular cartilage explants.
A-C Representative images of Safranin-O staining and Alcian blue (A.B.) staining in human articular cartilage explants. Relatively intact
articular cartilage explants were cut from knee OA patients, and then the explants were treated with vehicle control or GPR4 antagonist NE52-
QQ57 (NE, 10 uM) for 1 week. The explants were collected and subject to Safranin-O staining (A). Proteoglycan staining area (%) was analyzed
(B). The sulfated GAG (sGAG) released from explants was measured by 1, 9, dimethyl methylene blue (DMMB) binding assay (C). The released
amount of sGAG was normalized to the wet weight of the cartilage explant. n =4, Data are presented as mean + s.d. **p < 0.01, ***p < 0.001,
using unpaired two-tailed Student’s t test. Scale bar, 100 um. D The mRNA levels of MMP3 and COL2AT in human articular cartilage explants
treated with or without NE52-QQ57 (10 uM) for 1 week were determined by qRT-PCR. n = 3, data are presented as mean * s.d. *p < 0.05, ***p <
0.001 using unpaired two-tailed Student’s t test. E Representative images of IHC and immunofluorescence staining of MMP13, MMP3, and
COL2 of human articular cartilage explants treated with or without NE52-QQ57 (NE, 10 uM) for 1 week. Scale bar, 50 um.

decreased to 6.4 in WT chondrocytes, while Gpr4 knockout almost signaling pathway this inhibitor affected, while the red bar
completely abolished the increase of the four catabolic marker indicates that GPR4 negatively regulated this signaling pathway.
genes induced by slightly acidic pH (Fig. 6E). Furthermore, Therefore, we chose the positive signaling pathways for further
overexpression of GPR4 strikingly upregulated catabolic marker study. Our data showed that the 3 inhibitors that most decreased
gene expression when the pH was decreased to 6.4 (Fig. 6F). MMP3 levels were JSH-23, PD98059, and UNBS5162, which inhibit

Moreover, we investigated whether GPR4 affects chondrogen- NF-kB, MEK, and pan-CXCL chemokine expression, respectively
esis. We found that knock out of Gpr4 increased the staining of (Supplementary Fig. 6A Right). Because CXCL chemokines can
proteoglycan in primary chondrocytes compared with WT activate both NF-kB and MEK signaling for OA progression [37], we
chondrocytes (Supplementary Fig. 5A, B). Consistent with this, next asked whether GPR4 regulated OA progression via the CXCL-
Gpr4 knockout significantly increased the expression of the NF-kB/MEK signaling pathway. We found that the pan-CXCL
chondrocyte differentiation markers Col2al, Acan, and Sox9 chemokine inhibitor UNBS5162 suppressed GPR4-induced upre-
(Supplementary Fig. 5C). Collectively, all the results indicate that gulation of Mmp3 expression in a dose-dependent manner
GPR4 played a catabolic function in chondrocytes by promoting (Supplementary Fig. 6B). To find out which CXCL members were

cartilage catabolism and suppressing chondrogenic differentiation. regulated by GPR4, we evaluated the effects of these conditions

on expression of all Cxcl family members. Our data showed that
GPR4 regulates cartilage homeostasis via the CXCL12/ Gpr4 only upregulated the expression of Cxcl/12 (Supplementary
CXCR? signaling pathway Fig. 6C). Our result of Gpr4 regulating Cxcl12 was further

To elucidate the possible mechanisms by which GPR4 regulated confirmed in Gpr4 knockout chondrocytes and human OA
the pathogenesis of OA, we performed a functional assay to cartilage (Fig. 7A and Supplementary Fig. 7A). And it is reported
predict the signaling pathway(s) downstream of GPR4 by using 22 that CXCL12 can regulate chondrocyte differentiation and survival
OA-related signaling pathway inhibitors (Supplementary Table 1). and enhance chondrocyte catabolic activity by promoting the
Our data showed that overexpression of Gpr4 in ATDC5 cells release of matrix MMP-3 and MMP-13 [37, 38], suggesting that
increased Mmp3 expression (~2.5-fold) following IL-1f stimulation CXCL12 could be an important factor in the development of OA.
(Supplementary Fig. 6A Left). We found that 7 inhibitors down- As Cxcl12 activates both receptors (Cxcr4 and Cxcr7), we next
regulated Mmp3 expression (Blue bar) while 15 inhibitors explored which receptor Cxcl12 activated in OA. Our data showed
upregulated Mmp3 expression (red bar) (Supplementary Fig. 6A that only the expression of Cxcr7, a higher affinity Cxcl12 receptor,
Right). The blue bar indicates that GPR4 positively regulated the was significantly increased by Gpr4 overexpression in response to

Cell Death and Disease (2022)13:152 SPRINGER NATURE
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either pro-inflammatory cytokines or acidic conditions (Supple-

mentary Fig. 6D). The result was confirmed i

n Gpr4 knockout

chondrocytes by qRT-PCR (Fig. 7B) and GPR4 overexpressing
postromantic OA mouse joints and human articular cartilage
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tissues by IHC staining (Fig. 7C and Supplementary Fig. 7B).

Furthermore, Cxcr7 knockdown

decreased the GPR4 induction of

Mmp13, Nos2, and Il-6 expression under IL-1f stimulation (Fig. 6D

and Supplementary Fig. 7C). Al

| the results indicated that GPR4
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Fig. 6 GPR4 regulates cartilage matrix catabolism in mouse chondrocytes. A The mRNA levels of Mmp3, Mmp13, Nos2, and Il-6 were
quantified by gRT-PCR in primary chondrocytes from WT and Gpr4 knockout mice. The cells were stimulated with IL-1f (1 ng/ml) for 24 h.n=
3. All data are presented as mean + s.d. ***p < 0.001, using two-way ANOVA followed by Tukey’s post hoc test. B The mRNA levels of Mmp3,
Mmp13, Nos2, and II-6 were quantified by qRT-PCR in ATDC5 cells from vector control (Vec) or Gpr4 transfected cells. Twenty-four hours after
transfection, cells were stimulated with IL-1p (1 ng/ml) for another 24 h. n = 3. Data are expressed as mean * s.d. ***p < 0.001, using two-way
ANOVA followed by Tukey’s post hoc test. C, D Western blot analysis of Mmp3 and Mmp13 in chondrocytes of WT and Gpr4 knockout mice (C)
or vector control (Vec) and Gpr4 transfected ATDC5 cells (D). The cells were treated with IL-1f (10 ng/ml) for 48 h prior to harvest. E, F The
MRNA levels of Mmp3, Mmp13, Nos2, and /-6 was determined in primary chondrocytes from WT and Gpr4 knockout mice (E) or in ATDC5 cells
with or without GPR4 transfection (F) cultured at the indicated pH value. n = 3. Data are expressed as mean * s.d. **p < 0.01, ***p < 0.001, using

two-way ANOVA followed by Tukey’s post hoc test.
<

regulated expression of catabolic markers via Cxcl12 and
Cxcr7 signaling.

To further confirm whether GPR4 regulated NF-kB and MEK
signaling, we employed western blotting, nuclear translocation
staining, and luciferase reporter gene assay. Our results revealed
that IL-1f3 induced phosphorylation of NF-kB (p65), ERK, and JNK,
and promoted IkBa degradation in both ATDC5 cells (Fig. 7E) and
WT primary chondrocyte cells (Fig. 7F), GPR4 overexpression
enhanced NF-kB, ERK, p38, and JNK phosphorylation (Fig. 7E), and
Gpr4 knockout abolished these phosphorylation and degradation
changes (Fig. 7F). Furthermore, the GPR4 antagonist NE
suppressed GPR4 overexpression-induced NF-kB, ERK, p38, and
JNK phosphorylation (Fig. 7E). Consistent results were obtained
from the nuclear translocation staining of p65 following IL-13
stimulation, demonstrating that GPR4 overexpression promoted
p65 nuclear translocation, while NE treatment suppressed this
translocation (Fig. 7G). As a result, GPR4 enhanced NF-kB luciferase
reporter gene expression, while the GPR4 antagonist NE strikingly
reduced this reporter gene expression (Fig. 7H).

DISCUSSION

At present, drugs for treating OA are mainly anti-inflammatory and
analgesic, without effective therapies for curing OA [39]. The
proton-activated GPCRs participate in various physiological func-
tions, including cancer, intestinal inflammation, and angiogenesis.
This is the first study, to our knowledge, of the proton-activated G-
protein coupled receptor GPR4 in OA pathogenesis. In the present
study, we found that GPR4 expression levels were significantly
increased in OA patients and in the articular cartilage of OA mouse
models. GPR4 deletion prevented the development of posttrau-
matic and aging-associated OA in mice, while gain-of-function
experiments further showed that higher expression levels of GPR4
promoted OA pathogenesis. Mechanistically, GPR4 promoted OA
pathogenesis via activating the CXCL12/CXCR7-NF-kB/MEK signal-
ing pathway. Collectively, our results indicate that GPR4 might be
a promising therapeutic target for OA.

An acidic environment is a hallmark of the inflammation
process. Extracellular acidosis triggered the maturation of human
dendritic cells (DCs) and the production of IL-12 [40], and
extracellular acidification induced cartilage destruction [41].
Further reports suggested that although the synovial fluid pH
value was not changed in OA patients, however, locally inflamed
cartilage had become acidic [15-18]. Our data showed that an
acidic environment significantly increased the gene expression of
catabolic markers and proinflammatory cytokines in chondrocyte
cells, and overexpression of GPR4 strikingly upregulated expres-
sion of these markers when under slightly acidic conditions,
indicating that inhibition of the proton-activated GPCR can
prevent cartilage destruction and inflammation.

OA is a whole-joint disease, accompanied by cartilage destruc-
tion, synovial inflammation, osteophyte development, and sub-
chondral bone sclerosis [42]. Recent studies found that GPR4 is
involved in many inflammatory processes. Gpr4~ mice had
accelerated clearance of airway inflammation and neutrophils in
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the cigarette smoke-induced chronic obstructive bowel disease
mouse model [43]. Activation of GPR4 in endothelial cells induces
the expression of inflammatory genes including CXCL2, CCL20,
VCAM1, and COX2 [23]. The absence of GPR4 ameliorates colitis
with lower histology scores, reduced CD4" T helper cell
infiltration, and decreased IFN-y, iNOS, CXCL1, and CXCL2 expres-
sion [44]. Indeed, in both posttraumatic and aging-associated OA
models, we found that Gpr4~~ mice had reduced cartilage
degradation and inflammatory infiltration with a decreased
percentage of F4/80 positive cells, whereas |A injection of Lenti-
Gpr4 promoted synovial inflammation, an effect that was blocked
by the GPR4 antagonist NE52-QQ57. Synovial macrophage
infiltration plays an important role in triggering OA inflammation.
Previous studies showed that GPR4 was expressed in macro-
phages, and IFN-y, as a GPR4 downstream signal, induced iNOS
expression and activated macrophages [45]. These results indicate
that GPR4 may play an important role in modulating the synovitis
often present in OA. Furthermore, patients with OA experience
pain as the most disabling symptom [39]. GPR4 is expressed in
dorsal root ganglion (DRG) neurons, which are the primary
neurons of pain sensation, while a GPR4 antagonist alleviated
inflammatory pain in the rat CFA model [27]. Consistent with these
reports, our results showed that deletion and inhibition of GPR4
relieved OA synovitis and pain. Furthermore, osteophyte forma-
tion occurs during OA progression. In our study, A injection of
Lenti-Gpr4 or GPR4 antagonists inhibited osteophyte formation.
However, there was little difference in osteophyte formation
between WT and GPR4 global knockout OA mice, suggesting that
subchondral bone hemostasis could have been compensated in
GPR4 knockout OA mice during skeleton development. Therefore,
targeting GPR4 could be a promising therapy strategy for OA
treatment and symptomatic relief, because inhibition of GPR4
locally in joints reduced cartilage catabolism, OA pain, osteophyte
formation, promoted cartilage anabolism, and improved joint
function.

Previous studies have shown that CXCL12 is secreted by
fibroblast-like synoviocytes (FSs), and its receptors, CXCR4, and
CXCR7, are both expressed on chondrocytes [38, 46]. CXCL12
induces chondrocyte hypertrophy and modulates multiple
homeostatic and pathological processes in the progression of
OA [47]. The CXCL12/CXCR7 axis in synovial tissue plays an
important role in the development of arthritis [48]. Moreover,
mTORC1 activation promotes the secretion of CXCL12 by
osteoblasts, leading to abnormal subchondral bone formation
and articular cartilage degeneration [49]. Similarly, we found that
Cxcl12 and its receptor Cxcr7 are downregulated in Gpr4 KO
chondrocytes. We speculate that CXCL12/CXCR7 signaling plays
an important role in the regulation of matrix-degrading enzymes
induced by GPR4. Consistent with our hypothesis, we found that
inhibiting the expression of CXCR7 can reduce the expression of /I-
6, Mmp13, and Nos2 induced by GPR4. CXCR7 activates multiple
signaling pathways including the PI3K/AKT and MAPK pathways
[50]. CXCR7 expression influenced phosphorylation of ERK1/2 and
P38 but not JNK to regulate hepatocellular carcinoma progression
[51]. Our results indicated that the CXCL12/CXCR7 axis triggers
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activation of MAPK signaling proteins, including ERK1/2 and JNK.
In addition, our data showed that the level of phosphorylated p65
was downregulated by GPR4, supported by evidence that CXCL12
axis-activated AKT and ERK signaling pathways have been
reported to promote NF-kB nuclear localization, and increase
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NF-kB signaling by p65 phosphorylation and destabilization of
IkBa. Meanwhile, NE52-QQ57, an antagonist of GPR4, successfully
inhibited phosphorylation of IkBa and NF-kB activation.

In summary, our findings demonstrated that the proton-
activated GPCR GPR4 mediates the pathogenesis of OA by
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Fig. 7 GPR4 regulates cartilage matrix homeostasis through the CXCR7/CXCL12 signaling pathway. A The mRNA expression of Cxc/12 in
primary chondrocytes from WT or littermate Gpr4 KO mice. n=3. Data are presented as mean +s.d. **p < 0.01, using unpaired two-tailed
Student’s t test. B The mRNA expression of Cxcr7 in primary chondrocytes from WT or littermate Gpr4 KO mice was evaluated. n = 3. Data are
presented as mean + s.d. ***p < 0.001, using unpaired two-tailed Student’s t test. C Representative images of IHC staining of CXCR7 in articular
cartilage sections from Sham- or DMM-operated mice with Lenti-Gpr4 or Lenti-Ctrl infection (refer to Fig. 2B). Scale bars, 50 um. D Cxcr7
knockdown reduced GPR4 overexpression-induced cartilage catabolic gene Mmp13, Nos2, and /-6 upregulation. Vector control (Vec) or Gpr4
overexpressing ATDC5 cells were transfected with the control small interfering RNA (siCtrl) or siCxcr7 and exposed to IL-1f (1 ng/ml) for 24 h.
Expression of mMRNA was analyzed by qRT-PCR. n = 3. Data are presented as mean + s.d. **p < 0.01, ***p < 0.001, ns, no significant difference
using two-way ANOVA followed by Tukey’s post hoc test. E ATDC5 cells were transfected with vector control or Gpr4, and incubated with
NE52-QQ57 (NE, 10 uM) for 24 h. Then the cells were stimulated with IL-1f (10 ng/ml) for indicated times. Whole-cell lysates were subjected to
Western blot analysis to determine the total protein and phosphorylation levels of MAPKs, NF-kB (p65), and IkBa. F Chondrocytes from GPR4
KO mice and WT mice were stimulated with or without IL-18 (10 ng/ml) for 5 min. The protein and phosphorylation levels of MAPKs, NF-xB
(p65), and IkBa were evaluated by Western blot. G Representative immunostaining images of p65 nuclear localization (left) and quantification
of the percentage of cells with nuclear p65 (right). GPR4 overexpressing ATDC5 cells were treated with NE52-QQ57 (NE, 10 uM) or IL-1p (1 ng/
ml) for 12 h, and then subjected to immunofluorescence staining. Data are presented as mean * s.d. ***p < 0.001, one-way ANOVA followed by
Bonferroni’s test was used for statistical analysis. H NF-kB reporter gene activity in GPR4 overexpressing ATDC5 cells treated with NE52-QQ57
(NE, 10 uM) or IL-1B (1 ng/ml) for 12 h. Data are presented as mean * s.d. ***p < 0.001, one-way ANOVA followed by Bonferroni’s test was used
for statistical analysis.
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