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KEY WORDS Abstract  Osteoarthritis (OA) is one of the most common chronic diseases in the world. However, cur-
» rent treatment modalities mainly relieve pain and inhibit cartilage degradation, but do not promote carti-
Osteoarthritis; . . .
GPRCSB: lage regeneration. In this study, we show that G protein-coupled receptor class C group 5 member B
Cartilage;’ (GPRCS5B), an orphan G-protein-couple receptor, not only inhibits cartilage degradation, but also in-
Chondrocyte; creases cartilage regeneration and thereby is protective against OA. We observed that Gprc5b deficient
Cartilage anabolism and chondrocytes had an upregulation of cartilage catabolic gene expression, along with downregulation of
catabolism; anabolic genes in vitro. Furthermore, mice deficient in Gprc5b displayed a more severe OA phenotype
Cartilage regeneration; in the destabilization of the medial meniscus (DMM) induced OA mouse model, with upregulation of
Autophagy; cartilage catabolic factors and downregulation of anabolic factors, consistent with our in vitro findings.
Drug target Overexpression of Gpre5b by lentiviral vectors alleviated the cartilage degeneration in DMM-induced

OA mouse model by inhibiting cartilage degradation and promoting regeneration. We also assessed
the molecular mechanisms downstream of Gprc5b that may mediate these observed effects and identify
the role of protein kinase B (AKT)-mammalian target of rapamycin (mTOR)-autophagy signaling
pathway. Thus, we demonstrate an integral role of GPRC5B in OA pathogenesis, and activation of
GPRC5B has the potential in preventing the progression of OA.
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1. Introduction

OA is a common joint disease that is characterized by cartilage
degeneration and synovial hypertrophy, and is associated with
significant pain and morbidity. Between 2010 and 2019, the global
prevalence of osteoarthritis and the resulting disability have risen
by 27.5%', and as of 2019 OA is estimated to affect 528 million
people worldwide and is the 15th leading cause of disability?. OA
can affect all joint tissues, and leads to joint dysfunction, pain, and
organismal changes that reduce the quality of life, initiate or
aggravate co-morbidities, and reduce life expectancy’. Indeed,
OA-mediated reduction in physical activity results in a mortality
ratio of 1.55% in its patient population*. The current treatment
options for OA mainly relieve pain, and have little effect on the
prevention of cartilage degeneration, and therefore joint replace-
ment for end-stage disease remains the only long-term treatment
option’. Therefore, there is an urgent need to identify novel
therapeutic targets that can prevent or delay the progression of this
disease”.

Whilst the clinical and socioeconomic impacts of OA are well
known, our understanding of its genetic basis is in its infancy.
Accelerating gene discovery in osteoarthritis will increase un-
derstanding of joint physiology and disease pathogenesis and
facilitate identification of drug targets. G protein-coupled re-
ceptors (GPCRs) are seven-transmembrane helix receptors which
make the largest family of transmembrane proteins and are critical
components of several fundamental biological processes’. GPCRs
remain the most widely researched targets for drug discovery and
make up to 30% of targets for US Food and Drug Administration
(FDA) approved drugs”®. GPCRs play an integral role in bone
development and remodeling and several bone diseases have been
associated with GPCR function’.

GPRCS5B is an orphan GPCR which has been shown to have
associations with psychiatric conditions'’, obesity and cardio-
metabolic diseases''. Furthermore, increased GPRC5B expres-
sion was associated with reduced insulin secretion'”. GPRC5B has
also been shown to play a role in inflammation by facilitating
macrophage infiltration and inflammatory cell recruitment through
the nuclear factor-k-gene binding (NF-«B) signaling path-
ways'*'*. Additionally, decreased GPRC5B expression has been
linked to neuropathic pain in vivo'® with GPRC5B playing a role
in inflammation via NF-kB which is implicated in OA patho-
physiology'®™'®, as well as pain which is also a characteristic of
OA'", we investigate its role in the progression of OA in this
study.

2. Methods and materials

2.1.  Ethics approval and consent to participate

Human and animal studies received ethical approval by the Ethic
Committee of Shanghai Sixth people’s hospital (2021-048) and
East China Normal University (ECNU) Animal Care and Use
Committee (m20200407). All patients provided written informed

consent prior to their participation and in accordance to re-
quirements of the Hospital Board. Human tissues were obtained
with approval by Shanghai Sixth People’s Hospital. The study
design and conduct complied with all relevant regulations
regarding the use of human study participants and was conducted
in accordance with the criteria set by the Declaration of Helsinki.
All animal studies were performed according to protocols
approved by ECNU Animal Care and Use Committee. All mice
were freely allowed access to food, water, and activity. Mice were
maintained under a 12 h dark—light cycle and constant tempera-
ture (20—26 °C) and humidity maintenance (40%—60%).

2.2.  Mice

All experiments using mice were approved by the ECNU Animal
Care and Use Committee. Gpre5b knockout mice (Gpre5b~'7)
were generated by the Animal Center of ECNU using the
CRISPR/Cas9 system in the C57BL/6J mouse strain. A 202-bp
region was deleted from Gprc5b and confirmed by polymerase
chain reaction (PCR) (Supporting Information Fig. S2A and S2B).
C57BL/6J wide-type (WT) male mice and Gprc5b-deficient
(Gprch_/_, C57BL/6J) male mice were used in this study. For
genotyping of Gpre5b™'~ mice, PCR primer sequences for Gpresb
were 5-TGAGGGTCCACAAG GTCAG-3' (forward) and 5'-
TGTCACGCAGCACAGTCAG-3' (reverse).

2.3.  Preparation of human samples

Human osteoarthritic cartilage samples were obtained from the
Shanghai Sixth People’s Hospital, and provided by 55 to 85-year-
old patients who were undergoing joint replacement surgeries. We
collected clinical samples of OA from aged patients without any
traumatic injury and the basic clinical information of these pa-
tients is presented in Supporting Information Table S1. OA
affected (damaged) distal medial condyle and healthy (intact)
posterior lateral condyle cartilage explants were cut into pieces of
about 2 mm X 5 mm. These cartilage explants were used for
histological analysis or mRNA/protein expression examination.

2.4.  Experimental OA in mice

Eight-week-old C57BL/6J male mice were anesthetized and the
joint capsule of right knee, medial to the patellar tendon was
excised. The medial menisco—tibial ligaments were cut with
microsurgical bistoury. For the sham operated group, incisions
were made at the knee joint without excision of any tissue. The
mice were assessed for pain eight weeks following the operation,
at which point the animals were sacrificed and knee joints
collected for histological analysis.

2.5.  Pain assay

Mice were kept in a quiet environment and allowed to acclimatize
for at least 60 min. The thermal hyperalgesia of the hind paw was
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estimated with the hot-plate assay (UGO 37370) as reported
previously®’. An infrared radiant heat source was directed onto the
hot plate surface of the hind paw, and the withdrawal response
noted as the paw withdrawal latency. The test was performed by
individuals who were blinded to the experimental groups and the
assessment was repeated three times for each animal.

2.6. Plasmid construction

pcDNA3.1 (4)/Gprc5b-expressing plasmid was constructed by
inserting murine Gpre5b sequence into pcDNA3.1 vector amplified
using: mGprc5b-F (5’-AGCTTGGTACCGAGCTCGGAT-
CATGTTCCTGGT GTTAGAGAGAAAGATGAGAACCCATCA-
3") and mGprc5h-R (5-TGCTGGATATCTGCAGAAT TTCA-
GAAAGCTCCAAAGGACTCCAGAG-3') primers. pcDNA3.1
(+)/Gpre5b-expressing plasmid were used for following experi-
ment. For overexpression, Gprc5b lentivirus were constructed by
inserting murine Gpre5b sequence into pLVX-IRES-ZsGreenl
vector amplified using: mGprc5b-F (5'-TCTAGAGCGGCCGCGG
ATCCATGTTCCTGGTGTTAGAG-3') and mGprc5b-R (5'-GAG
GGA GAGGGGCGGGATCCCTGCGTTAT GTTCATCCATT-3')
primers. For virus packaging, HEK293T cells were seeded in 10 cm
cell culture dish at 1 x 107 cells, then transfected using poly-
ethylenimine with pLVX-IRES-Gprc5b construct or pLVX-IRES-
ZsGreenl vector, and psPAX2 and pMD2G for viral envelope and
capsid proteins respectively. The virus-containing culture media
was harvested at 48 and 72 h. By centrifugation (500 x g, 10 min,
Eppendorf, China), and the filtration through 0.2 pum syringe filter.
Subsequently, the supernatant was ultracentrifuged twice (50,000 x
g, 2 h each, Eppendorf, China), and resuspended in phosphate
buffered saline (PBS). The viral titer was determined using 293T
cells.

2.7.  Intra-articular injection

For intra-articular injections, all mice that underwent DMM sur-
gery were randomly divided into two groups: (1) vector group; (2)
overexpression Gpre5b group. The overexpression Gpre5b group
was intra-articular injected with pLVX-IRES-Gprc5b lentivirus
(1 x 107 pfu in 10 pL, 5 MOI) every 4 days, and vector group
controls received the pLVX-IRES-Zsgreen vector lentivirus
(1 x 107 pfu in 10 pL, 5 MOI) every 4 days after DMM operation.
The study was terminated 28-day post DMM surgery.

2.8.  Histologic analysis

At the end of the study, the knee joints were fixed in 10% form-
aldehyde at 4 °C for >48 h, decalcified in 0.5 mol/L ethylene
diamine tetraacetic acid (EDTA, pH 7.4) for 14 days, and
embedded in paraffin. Next, the paraffin blocks were cut into 5 pm
sections and stained with hematoxylin & eosin (H&E) and
Safranin O according to standard procedures. The histological OA
scores for medial femoral condyle, the medial tibia plateau, and
summed scores for femur and tibia were evaluated using the
Osteoarthritis Research Society International (OARSI) grades
(0—6). Each section was scored as: 0 = normal cartilage;
0.5 = loss of Safranin O without structural changes; 1 = small
fibrillations without loss of cartilage; 2 = vertical clefts down to
the layer immediately below the superficial layer and some loss of
surface lamina; 3 = vertical clefts/erosion to the calcified carti-
lage extending to <25% of the articular surface; 4 = vertical

clefts/erosion to the calcified cartilage extending to 25%—50% of
the articular surface; 5 = vertical clefts/erosion to the calcified
cartilage extending to 50%—75% of the articular surface;
6 = vertical clefts/erosion to the calcified cartilage extending
>75% of the articular surface’’. Synovitis was evaluated ac-
cording to a previously described scoring system®”.

2.9.  Immunostaining

Immunohistochemistry (IHC) was performed using the Immuno-
histochemical kit (Miao Tong Biological), as per the manufac-
turer’s suggestion. Briefly, paraffin sections were treated by
gradient of dehydration, and then fixed in 4% polyformaldehyde
(PFA) for 30 min. The tissue was permeabilized using 0.1% Triton
X-100 and 0.1% phosphate-buffered saline tween (PBST) for
30 min, and antigen retrieval was performed with 20 pg/mL
proteinase K for 20 min. The endogenous peroxidase activity was
quenched by 3% H,0,, and the tissues were blocked with 2%
bovine serum albumin (BSA) for 60 min. Sections were then
incubated overnight at 4 °C with antibodies of Matrix Metal-
lopeptidase 13 (MMP13, 1:100, Abcam, ab219620) or GPRC5B
(1:100, Sigma, HPA015247). The sections were then washed and
incubated with corresponding secondary antibodies and visualized
by diaminobenzidine (DAB). The sections were counterstained by
hematoxylin and images taken by Olympus microsystems mi-
croscope (Olympus Corporation, Tokyo, Japan) and counted using
ImagelJ software. For immunofluorescence (IF) staining, the sec-
tions were incubated overnight at 4 °C with primary antibodies for
Collagen Type X Alpha 1 (COL10A1, 1:100, Abcam, ab260040),
Aggrecan (ACAN, 1:100, Proteintech, 13880-1-AP) and
microtubule-associated protein light chain 3 (LC3, 1:100, Pro-
teintech, 14600-1-AP). Subsequently, the sections were washed
and incubated with fluorescent secondary antibody for 1 h pro-
tected from light. Nuclei were visualized with 1 pg/mL 4,6-
diamino-2-phenyl indole (DAPI, Sigma—Aldrich, D9542).
Three-dimensional images were taken by Olympus fluorescence
microscope (Olympus Corporation, Tokyo, Japan) and counted
using Image] software.

2.10. Cell culture

Primary articular chondrocytes were obtained by digesting artic-
ular cartilage tissue of newborn mice (Day 3 postnatal) with 0.2%
type 2 collagenase (Gibco, MA, USA). The isolated chondrocytes
were maintained in DMEM/F12 (Gibco, MA, USA) supplemented
with 1% penicillin/streptomycin and 10% (v/v) fetal bovine serum
(Gibco, USA). ATDCS cells were cultured in DMEM containing
10% fetal bovine serum. Mouse articular chondrocytes were
stimulated with Interleukin 18 (IL-18, R&D System, Minneapolis,
MN, USA) or tumor necrosis factor alpha (TNF-«, Peprotech,
USA) for the experiments in this study.

2.11.  Culture of mouse femoral head

We isolated the femoral head from eight-week-old Gpre5b~'~ mice
and wild-type control mice, and cultured them with 10 ng/mL TNF-«
for three days. Subsequently, the femoral heads were fixed in 10%
formaldehyde at 4 °C for >48 h, decalcified in 0.5 mol/L. EDTA in
PBS (pH 7.4) for 14 days, and embedded in paraffin. Next, the paraffin
blocks were cut into 5-pum sections and processed Safranin-O staining
and immunostaining.
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2.12.  Reverse transcription and real-time quantitative PCR (RT-
qPCR)

Total RNA was extracted using TRIzol reagent (Takara, 9109)
from primary murine articular chondrocytes and ATDCS cells.
The RNA was Reverse-Tran scribed into complementary DNA
(cDNA) using Hiscript IT Q RT SuperMix (Vazyme R222-01), and
real-time PCR analysis was performed using a real-time PCR
system (QuantStudio Design & Analysis) with qPCR SYBR
Green Master Mix (YEASEN, 11202ES03). The primers for real-
time PCR were as follows:

Mouse Mmp3: 5'-TTGACTCAAGGGTGGATGCTGTCT-3',
Antisense 5'-GCACATGCTGAACAAAGCACTTCC-3';
Mouse Mmp9: 5'-GCCCTGGAACTCACACGACA-3’,
Antisense 5'-TTGGAAACTCACACGCCAGAAG-3/;
Mouse Mmpl3: 5-GTGTGGAGTTATGATGATGT-3’,
Antisense 5'-TGCGATTACTCCAGATACTG-3';

Mouse Sox9: 5'-CGGCTCCAGCAAGAACAAG-3/,
Antisense 5'-GCGCCCACACCATGAAG-3';

Mouse Acan: 5'-GAAGACGACATCACCATCCAG-3/,
Antisense 5'-CTGTCTTTGTCACCCACACATG-3';
Mouse Col2al: 5'-CCTCCGTCTACTGTCCACTGA-3/,
Antisense 5'-ATTGGAGCCCTGGATGAGCA-3';

Mouse Gpre5b: 5'-GGAGATCCACTACACCCTTCT-3,
Antisense 5'-GGAGAGCTGCGTTATGTTCAT-3';
Human GPRC5B: 5'-CACGCCCAACTACTTCGACA-3,
Antisense 5'-AGCTGCATTGTGTTCATCCAT-3'.

2.13.  Western blotting assay

The cells were lysed using radioimmunoprecipitation assay buffer
(RIPA) lysis buffer containing protease inhibitor cocktail (Roche)
and phosphatase inhibitors (Roche) on ice for 15 min, the insol-
uble material was separated by centrifugation (12,000 rpm,
10 min, 4 °C, Centrifuge, Eppendorf, China, 5418R), and the
supernatants were collected. The protein concentration was
determined by bicinchoninic acid protein (Thermo Fisher Scien-
tific). Equal amounts of protein were subjected to electrophoresis
on 10% or 15% gradient sodium dodecyl sulfate-polyacrylamide
gels (Bio-Rad) and transferred to nitrocellulose filter membrane
(Beyotime). The membranes were blocked with 5% BSA (Beyo-
time) and incubated with specific antibodies, including p-AKT
antibody (CST, USA, 9271, 1:1000), AKT antibody (CST,
USA, 9272, 1:1000), GAPDH antibody (CST, USA, 2118,
1:10,000), p-mTOR antibody (CST, USA, 2983, 1:1000), mTOR
antibody (CST, USA, 2971, 1:1000), LC3 antibody (proteintech,
14600-1-AP, 1:1000), ACAN (Proteintech, 13880-1-AP, 1:500),
MMP13 (Servicebio, GB11247-1, 1:1000), SQSTM1 (Abmart,
T59081XS, 1:1000), BECN1 (Abmart, T55092XS, 1:1000),
GAPDH (Cell Signaling Technology; 1:10,000), and then incu-
bated with horseradish peroxidase (HRP)-conjugated secondary
antibodies (Licor 926-32211/926-32210).

2.14.  Statistical analysis

Each experiment was repeated two or three times in vitro, analysis
was performed using the Prism 7.0 software (GraphPad Prism).
The data are presented as mean + standard deviation (SD). Sta-
tistical significance of two or more groups were calculated using
two-tailed Student’s #-test or two-way ANOVA with Dunnett’s test

used for multiple comparisons. A P value below 0.05 was
considered statistically significant.

3. Results

3.1.  The expression of GPRC5B is associated with OA and
inflammation

To identify key regulators of OA progression, two gene expression
profile datasets for OA patients with damage and healthy cartilage
were selected from Gene Expression Omnibus (GEO) and
ArrayExpress. According to the established criteria for screening
differentially expressed genes (DEGs), our results revealed that
GSES57218 dataset contained 1893 unique DEGs compared to
1575 unique DEGs for the E-MTAB-4304 dataset (Fig. 1A). We
next analyzed gene expression profile datasets of primary mouse
articular chondrocytes treated with interleukin-18 from GEO, the
results revealed that GSES57218 dataset contained 4742 unique
DEGs. There were 27 genes identified to common for all three
datasets (Fig. 1A and B). Given that GPCRs represent a major
therapeutic target class and GPRC5B being the only GPCR within
these 27 common genes, we focused on investigating the role of
GPRCS5B in OA.

We next collected human articular cartilage tissues from three
OA patients undergoing total knee replacement without any
traumatic joint injury. The damaged and intact cartilage explants
were collected for histological analysis or for assessing mRNA/
protein expression (Fig. 1C and Supporting Information Table S1).
We observed that GPRC5B expression was lower in the damaged
OA cartilage compared to intact cartilage by histological analysis
(Fig. 1D and E). GPRCS5B expression at the mRNA and protein
level were observed to be lower in the damaged articular cartilage
compared to intact cartilage (Fig. |F—H). Furthermore, histolog-
ical analysis showed decreased expression of GPRC5B in 24-
month aged mice compared to 6-months young mice (Fig. 11
and J). Taken together, these results suggest a role of GPRC5B
expression in OA pathogenesis.

To investigate whether GPRC5B expression could be affected
in inflammatory conditions, we exposed the primary
murine articular chondrocytes to varying concentrations of TNF-«
and IL-18. We observed that the inflammatory factors did indeed
inhibit the expression of Gprc5b mRNA (Supporting Information
Fig. S1A and S1B).

3.2.  Ablation of Gprc5b aggravates OA pathogenesis in mice

We next evaluated the relationship between Gpre5b and OA
progression by generating Gprc5h™'~ mice and examining the
effect in an OA murine model. We validated the establishment of a
Gpre5b™'~ mouse line confirming the lack of mRNA and protein
expression of GPRC5B (Fig. S2C—S2E). After 8 weeks of DMM
surgery, the cartilage damage was significantly aggravated in
Gpre5b™'~ mice compared to the littermate wild-type controls
(Fig. 2A). Microscopic scoring also showed articular cartilage
damage was significantly aggravated in the medial tibia plateau
(MTP) and medial femoral condyle (MFC) in the Gprc5b_/_ mice
compared to the wild-type controls (Fig. 2B—D), and was asso-
ciated with increased osteophyte development in Gpre5h™'~ mice
(Supporting Information Fig. S3A and S3B). Pain withdrawal
threshold was also lower in Gpre5b™'~ mice compared to wild-
type controls, following DMM-induced OA (Fig. 2E). However,
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Figure 1

The expression of GPRC5B is associated with osteoarthritis. (A) Venn diagram of the different-expressing genes in GSE57218,

GSE104793, E-MTAB-4304 datasets. (B) The names of overlapped 27 genes according to (A). (C) A representative image of the area of intact and
damaged articular cartilage collected from the patients. Scale bar, 1 cm. (D) Representative IHC images for GPRC5B expression in damaged and
intact articular from a clinical sample. Scale bar, 100 pm. (E) Percentage of GPRC5B™ chondrocytes in articular of samples shown in D. All data
are presented as mean + SD; n = 3; *P < 0.05. Two-tailed Student’s #-test was performed. (F) GPRC5B mRNA levels as determined by RT-qPCR
in damaged and intact articular cartilage of patients. All data are presented as mean + SD; *P < 0.05. Two-tailed Student’s #-test was performed
with experiments repeated three times independently. (G) Representative images of Western blots for GPRC5B in damaged and intact articular
cartilage from patient samples. (H) The quantified results of blots are shown in (G). Two-tailed Student’s ¢-test was performed with experiments
repeated three times independently. All data are presented as mean + SD; ***P < 0.001. (I) Representative IHC images for GPRC5B expression
articular cartilage of 6-month and 24-month-old mice. Scale bar, 50 um. (J) Percentage of GPRC5B + chondrocytes in articular of samples shown
in (I). All data are presented as mean £ SD; n = 6; ***P < 0.001. Two-tailed Student’s #-test was performed.

there were no significant differences in synovitis between
Gpre5b™"™ and wild-type controls (Fig. 2F and G).

3.3.  GprcSb-deficiency enhances cartilage degradation and
inhibits extracellular matrix (ECM) generation

We next investigated the effects of Gprc5b-deficiency on cartilage
homeostasis by measuring expression of catabolic and anabolic
genes in our DMM induced OA models. Our results indicate that
chondrocyte hypertrophy marker COL10A1 and cartilage degra-
dation marker MMP13 expression were robustly increased in
articular cartilage of Gprc5h™'~ mice compared to wild-type
littermate controls (Fig. 3A—C). On the contrary, ACAN and
COL2AL1, the cartilage anabolic marker, was significantly decreased
in articular cartilage of Gprc5b7/7 mice (Fig. 3A, D and E). We next
assessed expression of catabolic and anabolic proteins in different
regions of the cartilage regions, include MTP and MFC. We found
that chondrocyte hypertrophy markers COL10A1 and Runt-related
transcription factor 2 (RUNX2), cartilage degradation markers

MMP13 and matrix metalloproteinase 3 (MMP3) were increased in
MTP and MEC of Gpre5h™™ mice compared to wild-type littermate
controls following DMM. In contrast, the cartilage anabolic markers
(ACAN and COL2A1) were significantly lower in the MFC and
MTP of Gpre5b™'~ mice compared to wild-type littermate controls
following DMM (Supporting Information Fig. S4A—S4G and
S5A—S5G). There were no differences in the expression of these
genes between the Gpre5b™'~ and wild-type littermate controls in
the sham operated group.

Furthermore, to estimate the effect of GPRC5B on cartilage
homeostasis in an inflammatory environment, we isolated femoral
heads from Gpre5h~'~ and respective wild-type control mice and
cultured them with TNF-« for three days. Histological analysis
showed that the ECM loss was significantly increase in femoral
heads of Gpre5h~'~ mice compared to the wild-type controls
(Supporting Information Fig. S6A and S6B). Expression of
COL10A1 and MMP13 were also increased, whilst the expression
of ACAN were significantly decreased in the femoral heads of
Gpre5b~'~ mice compared to wild-type controls (Fig. S6C—S6F).
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Figure 2

Ablation of Gprc5b aggravates OA pathogenesis in mice. (A) Representative images of safranin O/Fast green staining showing

cartilage destruction after DMM surgery or control (sham) operation for 8 weeks. Scale bar, 100 pm. (B—D) The OARSI scoring of the medial
tibia plateau (MTP) (B), medial femoral condyle (MFC) (C), Total scoring (MTP + MFC) (D). All data are presented as mean £ SD; n = 6;
%P < 0.001. Two-way ANOVA followed by Dunnett’s test was performed for multiple comparisons test. (E) OA-associated pain was measured
by the hot-plate assay. All data are presented as mean = SD; n = 6; ***P < 0.001. Two-way ANOVA followed by Dunnett’s test was performed
for multiple comparisons test. (F) Representative H&E staining images of synovial inflammation. Scale bar, 100 um. (G) The synovial

inflammation scoring of DMM surgery or control (sham) operation. All data are presented as mean + SD; n =

6; NS, not significant. Two-way

ANOVA followed by Dunnett’s test was performed for multiple comparisons test.

These results suggest a role of GPRC5B in cartilage homeostasis,
especially in the setting of OA.

3.4.  Overexpression of Gprc5b ameliorates OA pathogenesis in
mice

To further validate the role of GPRC5B in OA, we overexpressed
Gpre5b in mice by intra-articular injection of pLVX-IRES-Gprc5h
lentivirus for 4 weeks after DMM operation, with intra-articular
injection of the vector lentivirus (pLVX-IRES-Zsgreen lenti-
virus) serving as a control (Fig. 4A). Histological results suggest
that the cartilage damage following DMM surgery was amelio-
rated in mice with Gprc5b-overexpressed compared to the vector
controls (Fig. 4B). Indeed, this was reflected in the microscopic

OARSI grading of MTP and MFC which showed that the articular
cartilage damage was alleviated in mice that received the pLVX-
IRES-Gprc5b lentivirus compared to those with the control vector
lentivirus (Fig. 4C—E). The pain withdrawal threshold was also
higher in mice that received the pLVX-IRES-Gprc5b lentivirus
compared to the pLVX-IRES-Zsgreen lentivirus following DMM-
induced OA (Fig. 4F).

Further immunohistochemistry analyses showed that
COL10A1 and MMP13 expression was significantly decreased in
articular cartilage of mice that received the Gprc5b-over-
expression lentivirus compared to the control vector (Fig. 4G—I).
In contrast, ACAN expression was elevated in articular cartilage
of mice that received the GprcSb-overexpression lentivirus
compared to the control vector (Fig. 4G and J).
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Gpre5b-deficiency enhances cartilage degradation and inhibits ECM generation. (A) Representative IF or IHC images for COL10A1,

MMP13, ACAN and COL2A1 expression in articular cartilage of mice following DMM surgery or sham control operation after 8 weeks. Scale
bar, 100 pm. (B—E) Percentage of COL10A1" (B), MMP13™" (C), and ACAN™ (D), COL2A1" (E) chondrocytes in articular of samples shown in
(A). All data are presented as mean + SD; n = 6; **P < 0.01, ***P < 0.001. Two-way ANOVA followed by Dunnett’s test was performed for

multiple comparisons test.

3.5.  Gprc5b ablation decreases cartilage anabolic genes
expression and aggravates matrix metalloproteinase expression
in vitro

We next investigated whether GPRC5B regulated TNF-« induced
cartilage catabolic genes and anabolic genes expression in vitro.
To do this, we isolated chondrocytes from the Gpre5h™'~ and
wild-type control mice and cultured them in presence of TNF-«
for 24 h. Our results show that TNF-a-induced mRNA expression
of Mmp3, Mmp9, and Mmpl3 were significantly upregulated in
cells from Gpre5b~'~ mice compared to those from wild-type
control mice (Fig. 5A—C). This was accompanied by a
decreased mRNA expression of Acan, Col2al and Sox9 (the
cartilage anabolic genes) in the chondrocytes from Gpre5b~'~
mice compared to wild-type controls (Fig. SD—F). We also
observed an increase in MMP13 and a decrease in ACAN protein
expression, consistent with the above results (Fig. SM—O0).

We next overexpressed Gpre5b in ATDCS cells and evaluated
its effect on cartilage catabolic and anabolic gene expression.
The overexpression of GpreSb in ATDCS cells was validated
by RT-qPCR (Supporting Information Fig. S7A). In presence of
TNF-«, we observed that the catabolic genes expression including

Mmp3, Mmp9, and Mmpl3 were significantly downregulated in
Gpre5b  overexpressing cells compared to vector controls
(Fig. 5G—I). This was accompanied with an increase in expression
of Acan, Col2al and Sox9 (the cartilage anabolic genes) in
Gpre5b overexpressing cells compared to the vector controls
(Fig. 5J—L). Additionally, the expression of cartilage catabolic
genes was inversely associated with the concentration of Gprc5b
plasmid transfected (Fig. S7B—S7D), whilst the expression of
anabolic genes had a positive association (Fig. STE—S7G). This
suggests that the regulation of cartilage homeostasis by Gpre5b is
not via a dose-compensation effect.

Taken together, these data demonstrate that GPRC5B has an
essential role in regulating both production and degradation of the
extracellular matrix by chondrocytes in the inflammatory envi-
ronment characteristic of OA.

3.6.  GPRC5B mediated cartilage homeostasis occurs via AKT-
mTOR-autophagy signaling

To investigate the downstream molecular mechanisms that
mediate the effects of GPRC5B in OA, we performed RNA-
sequencing analysis of chondrocytes from Gprc5b-deficiency and
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Figure 4  Overexpression of Gprc5b ameliorates OA pathogenesis in mice. (A) Experimental pattern for intra-articular injections of Gprc5b
overexpression lentivirus vectors or vector controls. (B) Representative images of safranin O/Fast green staining showing cartilage destruction in
Gpre5Sb-overexpression lentivirus injected mice and vector controls after DMM surgery. Scale bar, 100 um. (C—E) The OARSI scoring of the
medial tibia plateau (MTP) (C), medial femoral condyle (MFC) (D), total scoring (MTP + MFC) (E). All data are presented as mean + SD;
n = 6; **P < 0.01. Two-tailed Student’s r-test was performed. (F) OA-associated pain was measured by the hot-plate assay. All data are presented
as mean = SD; n = 6; **P < 0.01. Two-tailed Student’s #-test was performed. (G) Representative IF or IHC images for COL10A1, MMP13 and
ACAN expression in articular cartilage of mice injected with Gprc5b-overexpression lentivirus vectors or vector controls after DMM surgery.
Scale bar, 100 pm. (H—J) Percentage of COL10A1" (H), MMP13™ (I), and ACAN™ (J) chondrocytes in articular of samples shown in (G). All
data are presented as mean £+ SD; n = 6; **P < 0.01, ***P < 0.001. Two-tailed Student’s z-test was performed with experiments for two groups

comparisons test.

wild-type littermate control mice. The results identified alteration (Supporting Information Fig. S8A and S8B). Moreover, p-p65
in the phosphatidylinositol3-kinase (PI3K)—AKT signaling, with levels were higher in the cartilage of DMM mice compared to
most up-regulated genes in the Gpre5b™~ cells being enriched in sham operated, but no differences observed between WT and
this pathway (Fig. 6A), besides, the heatmap displayed many PI3K Gpre5b-deficient mice for both the sham and the DMM groups
pathway related genes have higher expression in Gpre5b knockout (Fig. S8C and S8D). This further suggests that GPRC5B may
cells (Fig. 6B), which is consist with the gene set enrichment regulate cartilage function via the AKT—mTOR pathway, and
analysis (GSEA) of this pathway (Fig. 6C). Because mTOR not the NF-«kB signaling axis as reported in other organs or
signaling is the mainly downstream of PI3K—AKT pathway, we systems.
next analyzed the mTOR pathway and their protein—protein AKT—mTOR signaling has been previously described to
interaction (PPI) from our RNA-sequencing data, the results regulate OA pathogenesis, and involved in autophagy of articular
show that GPRC5B could regulate many different signaling chondrocytes™ %°, we also found that many interactions protein
pathway via interacting with mTOR pathway. Strikingly, those of the mTOR pathway can regulate autophagy from our PPI re-
different signaling proteins are important for regulating cartilage sults (Fig. 6D), suggesting that GPRC5B regulate OA pathogen-
homeostasis, suggesting that GPRC5B plays a key role in osteo- esis via AKT—mTOR—autophagy signaling. Indeed, we observed
arthritis regulation (Fig. 6D). autophagy markers BECN1 and LC3 was also increased in Gprc5b
To confirm whether GPRC5B affected cartilage homeostasis overexpressing cells compared to the vector controls under bafi-
by PI3K—AKT signaling, we overexpressed Gprc5b in ATDCS lomycin Al treated, whilst SQSTMI1 expression was decreased
cells and assessed the phosphorylation of AKT and mTOR after (Fig. 7D—G). Moreover, this increase in LC3 expression also
TNF-« stimulation. Consistently, phosphorylation of AKT and observed in vivo, with articular cartilage of mice following DMM
mTOR was significantly suppressed in Gprc5b overexpressing induced OA having higher expression in the group injected with
cells (Fig. 7A—C). This was accompanied by no effect on the GprcSb-overexpression lentivirus compared to the vector controls
phosphorylation of p65 in the Gprc5b overexpressing cells (Fig. 7H and I). Conversely, the expression of LC3 was
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Figure S Gprc5b ablation decreases expression of cartilage anabolic genes and aggravates TNF-a-induced matrix metalloproteinase expression
in vitro. (A—F) RT-qPCR analysis of Mmp3, Mmp9, Mmp13, Acan, Col2al and Sox9 mRNA levels in Gpre5b~'~ and wild-type chondrocytes
stimulated with TNF-« (10 ng/mL) for 24 h. All data are presented as mean + SD; *P < 0.05, **P < 0.01, ***P < 0.001. Two-way ANOVA
followed by Dunnett’s test was performed for multiple comparisons test with experiments repeated three times independently. (G—L) RT-qPCR
analysis of Mmp3, Mmp9, Mmp13, Acan, Col2al and Sox9 mRNA levels in vector control and Gpre5b overexpressing ATDCS cells stimulated
with TNF-a (10 ng/mL) for 24 h. All data are presented as mean + SD; *P < 0.05, **P < 0.01, ***P < 0.001. Two-way ANOVA followed by
Dunnett’s test was performed for multiple comparisons test with experiments repeated two times independently. (M) Representative images of
Western blots for MMP13 and ACAN in WT and Gpre5b deficient chondrocytes stimulated with TNF-« (10 ng/mL) for 24 h. (N, O) The
quantified results of Western blots are shown in (M). All data are presented as mean + SD; *P < 0.05. Two-way ANOVA followed by Dunnett’s
test was performed with experiments repeated two times independently.

significantly decreased in Gpre5b™~ mice in the DMM-induced stimulated them for 24 h with TNF-«, in presence or absence of
OA mice model, compared to the littermate wild-type controls chloroquine. We observed that under TNF-« stimulation for 24 h,
(Fig. 7J and K). We also observed that the expression of LC3 was the reduction of Mmp3, Mmp9 and MmpI3 mRNA levels mediated
significantly lower in damaged articular cartilage of patients by GprcSb-overexpression was blocked by chloroquine (Sup-
compared to intact cartilage (Fig. 7L and M), and is consistent porting Information Fig. SOA—S9C). Chloroquine also blocked
with our previous clinical observation for GPRC5B. GpreSb-overexpression induced elevation in expression of Acan,

Finally, to investigate whether the regulation of cartilage ho- Col2al and Sox9 (Fig. S9D—S9F). Furthermore, treatment with
meostasis by GPRC5B occurred via autophagy signaling, we used an mTOR antagonist rapamycin (RAPA), the increase in the
chloroquine, an autophagy inhibitor widely utilized in cancer expression of Mmp3, Mmp9 and Mmpl3 and the reduction in

research®®. We overexpressed Gpre5h in ATDCS5 cells and expression of Acan, Col2al and Sox9 observed in Gpre5b-
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Figure 7 GPRC5B mediated cartilage homeostasis by AKT-mTOR-autophagy signaling. (A) Representative images of Western blots for p-
AKT/AKT and p-mTOR/mTOR in Gprc5b-overexpressing and control vector ATDCS cells, when treated with TNF-a (10 ng/mL) for the
indicated time periods. (B, C) The quantified results of Western blots are shown in (A). All data are presented as mean + SD; *P < 0.05. Two-way
ANOVA followed by Dunnett’s test was performed with experiments repeated two times independently. (D) Representative images of Western
blot of BECN1, SQSTM1 and LC3 in Gpre5b and control vector infected ATDCS cells, when treated with TNF-« (10 ng/mL) and bafilomycin A1l
(1 pmol/L) for 24 h. (E—G) The quantified results of Western blot blots are shown in (D). All data are presented as mean £ SD; *P < 0.05,
**P < (0.01. Two-way ANOVA followed by Dunnett’s test was performed with experiments repeated two times independently. (H) Representative
IF images for LC3 expression in articular cartilage of mice injected with Gprc5b-overexpression lentivirus vectors or vector controls after DMM
surgery. Scale bar, 100 um. (I) Percentage of LC3™" chondrocytes in articular of samples are shown in (H). All data are presented as mean + SD,
n = 6; ¥*P < 0.01. Two-tailed Student’s ¢-test was performed. (J) Representative IF images for LC3 expression in articular cartilage of mice after
DMM surgery or sham control operation after 8 weeks. Scale bar, 100 um. (K) Percentage of LC3™ chondrocytes in articular of samples are
shown in (J). All data are presented as mean £ SD, n = 6; *P < 0.05. Two-way ANOVA followed by Dunnett’s test was performed for multiple
comparisons test. (L) Representative IHC images for LC3 in damaged and intact articular cartilage from patient samples. Scale bar, 100 pm. (M)
Percentage of LC3™" chondrocytes in articular cartilage of samples are shown in (M). All data are presented as mean & SD, n = 3; **P < 0.01.
Two-tailed Student’s #-test was performed.

deficient chondrocytes under TNF-« stimulation, was blocked expression decreased during OA pathogenesis in human samples,
(Fig. S9G—S9L). Thus, these data indicate that GPRC5B may and that Gprc5b-deficiency in mice aggravated the development of
regulate cartilage homeostasis by the AKT—mTOR—autophagy OA. Furthermore, ablation of Gprc5b was associated with

signaling axis. enhanced expression of OA catabolic factors and decreased
expression of the extracellular matrix molecules and cartilage
4. Discussion anabolic genes. Gprc5b ablation also aggravated the TNF-«
induced matrix metalloproteinase expression in vitro. Mechanis-
Herein, we reported for the first time that GPRC5B may be a key tically, we found that in an inflammatory environment like

regulator in OA progression. We demonstrated that the GPRC5B OA, GPRC5B regulates chondrocyte function via the
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AKT—mTOR—autophagy pathway. Lastly, we show that over-
expressing Gprc5b ameliorates OA pathogenesis in mice by
altering the cartilage homeostasis, and thus has a therapeutic po-
tential to treat OA.

Osteoarthritis is a common disease that lacks an effective
strategy to treat the underlying pathophysiology. Celecoxib, a
current popular OA treatment, is used to relieve pain and
inflammation but does not delay cartilage degeneration®’ *°.
Other commonly used treatments such as glucosamine, chon-
droitin sulfate, and hyaluronic acid, are controversial in their
ability to alleviate symptoms in OA patients’™*'. Therefore, a
drug target that can alleviate or even reverse the progression of
OA remains an urgent unmet clinical need.

In OA pathological progression, disruption of cartilage ho-
meostasis leads to subsequent ECM degradation’”. Cartilage does
possess a capacity for self-repair and regeneration by synthesizing
ECM. Indeed, ECM regeneration plays a critical role in articular
cartilage defects caused by traumatic injury”***. In this study, we
demonstrate that Gprc5b knock-out not only upregulated the
expression of matrix-degrading enzymes, but also inhibited matrix
synthesis and decreased expression of ECM-related genes
(COL2A1 and ACAN) in articular cartilage. Moreover, over-
expression of Gprc5b in the articular tissue improved COL2A1
and ACAN expression, reduced the expression of matrix-degrad-
ing enzyme in OA model. Thus, activation of GPRC5B presents a
novel therapeutic target capable of promoting cartilage regenera-
tion and thereby delaying OA progression.

GPCRs already account for ~30% of FDA approved medi-
cines, highlighting their vital role in disease and drug discovery,
and further understanding of GPCR biology is warranted® .
GPRCS5B, a retinoic acid-induced gene, has been previously re-
ported to affect macrophage infiltration and inflammatory cell
recruitment through the NF-«B signaling pathway'>'#. Moreover,
GPRC5B activates obesity-associated inflammatory signals in
adipocytes®, and many studies on this gene focus on its correla-
tion with inflammation’’*®. OA is characterized by an inflam-
matory microenvironment, and therefore the role of GPRC5B in
its progression is not wholly unexpected. However, we found that
GPRC5B mediated cartilage homeostasis by the AKT—m-
TOR—autophagy pathway, and not the NF-kB signal pathway as
previously reported (Fig. SA—E).

Whilst our study highlights the potential of targeting GPRC5B for
the treatment of OA, there are currently no known small-molecule
agonists for the receptor. Here, we also show that increasing the
expression of GPRCS5B inhibits cartilage degradation, and increases
cartilage regeneration in vivo and in vitro. With GPRC5B being a
retinoic acid-induced gene, and in the absence of an available phar-
macological intervention, increasing GPRC5B by retinoic-acid sup-
plementation could be a possible therapeutic strategy. However,
vitamin A and its metabolites appear to drive OA development’, and
therefore a small-molecule screen to identify a selective agonist for
GPRCS5B is warranted. Further research is also required to elucidate
the other targetable molecules downstream of GPRCS5B, and to
identify the regulators of GPRC5B expression in chondrocytes,
especially in response to TNF-a.

The present study has a few limitations. Whilst we demonstrate
that GPRC5B mediated signaling improves cartilage anabolism
and is protective against TNF-a-induced inflammatory cartilage
degradation in vitro and in vivo, the role of GPRC5B expression in
other cells in mediating these effects remains unexplored. Indeed,
GPRC5B expression has been seen in a variety of cells including
podocytes'®, vascular smooth muscle cells*’, fibroblast'*, and

cerebellar Purkinje cells’'. A cartilage-specific knockout of
Gpre5b is warranted to further validate its role in OA progression.
The DMM model for OA used in this study is most representative
of OA development following traumatic joint injury****. The use
of alternate traumatic OA models such as anterior cruciate liga-
ment (ACL) rupture by tibia compression overloading or intra-
articular tibia plateau fracture could be used to validate the find-
ings observed here™. Furthermore, the role of GPRC5B in non-
traumatic OA also remains to be explored. Here, we also made
use of an overexpression system to elucidate the role of GPRC5B
in OA pathogenesis due to the lack of a suitable ligand. It would
be useful to conduct similar studies using small molecule agonists,
especially to validate its potential as a therapeutic target.
Additionally, we have not shown how GPRC5B regulates the
PI3BK—mTOR pathway. However, there are many reports that do
show PI3Ky activation downstream of other GPCRs via the inter-
action of the Gy subunits to its p1 107 catalytic and p101 regulatory
subunits*’. Other studies have indicated that constitutively active Ga
subunits of the Gaq/11 and Ga12/13 may inhibit AKT activation®®.
Furthermore, (-arrestin have been shown to inactivate AKT and
directly complex with PI3K catalytic subunit to restricts its enzymatic
activity”’. Therefore, there are a myriad of ways via which GPCR5B
could regulate the PI3k—AKT—mTOR pathway, and further research
would be required to better understand the predominant mechanism.

5. Conclusions

Our findings demonstrate that knocking out Gpre5b in mice elicits a
more severe OA phenotype by upregulating cartilage catabolic fac-
tors and downregulating anabolic factor expression in a DMM-
induced OA mouse model. Furthermore, we show that GPRC5B
mediates these effects on cartilage homeostasis by regulating the
AKT—mTOR—autophagy signal axis, and thus activation of
GPRC5B could be a potential therapeutic target for delaying OA
progression.
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