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PGE?2 activates EP4 in subchondral bone osteoclasts to

regulate osteoarthritis
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Prostaglandin E2 (PGE2), a major cyclooxygenase-2 (COX-2) product, is highly secreted by the osteoblast lineage in the subchondral
bone tissue of osteoarthritis (OA) patients. However, NSAIDs, including COX-2 inhibitors, have severe side effects during OA
treatment. Therefore, the identification of novel drug targets of PGE2 signaling in OA progression is urgently needed. Osteoclasts
play a critical role in subchondral bone homeostasis and OA-related pain. However, the mechanisms by which PGE2 regulates
osteoclast function and subsequently subchondral bone homeostasis are largely unknown. Here, we show that PGE2 acts via EP4
receptors on osteoclasts during the progression of OA and OA-related pain. Our data show that while PGE2 mediates migration and
osteoclastogenesis via its EP2 and EP4 receptors, tissue-specific knockout of only the EP4 receptor in osteoclasts (EP4*™) reduced
disease progression and osteophyte formation in a murine model of OA. Furthermore, OA-related pain was alleviated in the EP4*M
mice, with reduced Netrin-1 secretion and CGRP-positive sensory innervation of the subchondral bone. The expression of platelet-
derived growth factor-BB (PDGF-BB) was also lower in the EP4*" mice, which resulted in reduced type H blood vessel formation in
subchondral bone. Importantly, we identified a novel potent EP4 antagonist, HL-43, which showed in vitro and in vivo effects
consistent with those observed in the EP4"*™ mice. Finally, we showed that the Gas/PI3K/AKT/MAPK signaling pathway is
downstream of EP4 activation via PGE2 in osteoclasts. Together, our data demonstrate that PGE2/EP4 signaling in osteoclasts
mediates angiogenesis and sensory neuron innervation in subchondral bone, promoting OA progression and pain, and that

inhibition of EP4 with HL-43 has therapeutic potential in OA.
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INTRODUCTION

Osteoarthritis (OA) is a highly prevalent degenerative joint disease
that affects over 300 million people worldwide'2. In China, more
than 8% of the population suffers from symptomatic OA, with an
incidence rate of 62.2% in people over the age of 60 years and 80%
in people aged 75 years and above®. The pathophysiology of OA
involves the entire joint and is characterized by inflammation in the
cartilage and synovium, degeneration of articular cartilage, forma-
tion of osteophytes, and sclerosis of subchondral bone*®. Current
therapeutic strategies primarily aim to mitigate the symptoms, and
there are no satisfactory drugs or treatments that prevent or delay
OA progression. In advanced stage OA, joint replacement surgery is
the main strategy to improve patient quality of life and has a
significant socioeconomic impact’®. Therefore, a better under-
standing of the mechanisms underlying the pathogenesis of OA is
urgently needed to inform novel treatment strategies.

The etiology of OA is multifactorial, and the risk of developing the
disease increases with aging, obesity, joint trauma, increased
mechanical loading, and genetic predisposition®'%. More recently,
there has been increasing evidence to support subchondral bone
homeostasis functions in the initiation and progression of OA™"7,

; https://doi.org/10.1038/s41413-022-00201-4

Subchondral bone, which lies subjacent to the articular cartilage,
absorbs, distributes, and transfers the mechanical loads experienced
by the joints®'®, However, unstable mechanical loading, obesity and
aging alter the subchondral bone microarchitecture to be more
sclerotic, with increased remodeling and a higher frequency of bony
cysts, which may precede cartilage damage'®?%. Indeed, some
studies have associated these changes in subchondral bone with an
increase in the severity of cartilage damage and OA%*™%>,

In normal physiological conditions, the subchondral bone
dynamically adjusts to the mechanical forces exerted on the joint
via tightly coupled activity of osteoclasts and osteoblasts®®.
However, with abnormal loading, microfractures develop within
the cartilage and wunderlying subchondral bone. At these
subchondral bone microdamage sites, the bone remodeling
process undergoes uncoupling, with increased osteoclast-
mediated resorption and osteoblast-mediated uncoupled bone
formation®’. Osteoclastic bone resorption causes sharp increases
in TGF-B1, which in turn recruits osteoprogenitor cells to the
subchondral bone, leading to remineralization and sclerosis?®.
Furthermore, TGF-B1 promotes subchondral bone angiogenesis in
early-stage OA'>, including the formation of type H blood vessels,
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PGE2/EP4 regulate subchondral bone osteoclasts in OA
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which closely associate with osteoprogenitor cells and are
therefore osteogenic in nature?®. These type H blood vessels
further disrupt subchondral bone remodeling, alter the bone
microarchitecture and lead to the formation of osteophytes and
bone cysts'®3°. Interestingly, osteoclast activity is also associated
with increased sensory nerve innervation of the subchondral bone
and hypersensitivity to pain in murine OA models®'>2. Secretion of
Netrin-1 by active osteoclasts mediates axonal growth in the
subchondral bone®'*2. The pivotal role of subchondral bone
osteoclasts in OA progression makes them a suitable target for
therapeutic invention. Indeed, there are trials to investigate the
use of bisphosphonates, an inducer of osteoclast apoptosis, to
target osteoclasts in 0A3373% however, the results thus far have
been contradictory®’*%, Thus, there is a need to explore other
therapeutic options that target osteoclasts in OA.

Prostaglandin E2 (PGE2) is an important lipid mediator derived
from the catalysis of arachidonic acid by cyclooxygenase enzymes
(COX 1-2). PGE2 is the most abundant prostaglandin in the body,
and under physiological conditions, it regulates various biological
functions, including inflammation, blood pressure, fertility, and bone
homeostasis®>™**. In OA, COX-2 expression and PGE2 production
have been associated with damaged articular cartilage, not normal
cartilage, which suggests its role in disease pathogenesis*. Indeed,
in a spontaneous murine model of OA, tissue-specific knockout of
COX-2 in osteocytes, which abolished the production of PGE2 in
subchondral bone, attenuated the progression of the disease™.

PGE2 exerts its complex biological effects via four E prostanoid
(EP) rhodopsin-like G-protein coupled receptors (EP1-4)*. EP2
and EP4 are highly expressed in the skeletal system*’*%, and EP4,
in particular, plays an important regulatory role. EP4 knockout
mice lacked PGE2-induced bone formation, which was attributed
to reduced osteoblast differentiation*®. Furthermore, an EP4
agonist reduced bone loss in ovariectomized rats*®. In OA, the
role of the PGE2/EP4 signaling axis remains controversial, with
studies reporting contradictory effects on proteoglycan synthesis
and matrix degradation®®®'. Moreover, the exact mechanisms by
which PGE2 regulates subchondral bone homeostasis, specifically
osteoclast function, in OA remain largely unknown.

In this study, we investigated how PGE2 acting via the EP4
receptor in osteoclasts, and not the EP2 receptor, may play an
essential role in OA pathogenesis. Furthermore, we identified HL-
43 as a novel potent EP4 antagonist that may have clinical
applications for treating OA.

RESULTS

The expression of EP4, but not EP2, is elevated in osteoclasts from
osteoarthritic subchondral bone

To investigate the molecular mechanisms by which PGE2 may
regulate subchondral bone osteoclasts, we determined the
expression of the four PGE2 receptors (EP1-EP4) during osteo-
clastogenesis. Our results showed that the expression of EP2 and
EP4, but not EPT and EP3, is elevated in differentiated osteoclasts
(Fig. 1a). We validated our findings in human osteoarthritic
subchondral bone tissues (n =17, Fig. S1a), which showed higher
EP4 expression in 82.4% of samples (14/17) compared to the
controls, with no changes in EP2 expression. These findings are
also consistent with our ACLT-induced murine OA model (Fig. 1b),
which is an extensively used animal model for research on
osteoarthritic subchondral bone homeostasis. Furthermore, using
immunofluorescence (IHF) double staining (EP2/EP4 with TRAP),
we observed higher expression of EP4 but not EP2 in subchondral
bone osteoclasts following ACLT surgery (Fig. 1c).

PGE2 regulates migration and osteoclast differentiation through
both EP2 and EP4

PGE2 increased migration and osteoclast differentiation from bone
marrow-derived macrophages (BMMs) at nongrowth inhibitory
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concentrations (<100 nmolL™' PGE2; Fig. S1b-d). To investigate
the PGE2 receptors that may mediate these effects, we generated
EP2 knockout mice (EP2*°) (Fig. S2a) and deleted EP4 in myeloid cells
by breeding LysM-cre mice with EP4™" mice (EP4™*M) (Fig. S3a). A
significant reduction in EP2 or EP4 expression was observed in
BMMs from the EP2*° or EP4*M mice, indicating successful deletion
of EP2 or EP4 in osteoclast lineage cells (Fig. S1e). We observed that
knocking out EP2 significantly reduced PGE2-induced osteoclast
migration (P < 0.05) and differentiation (P < 0.05; Fig. 1d). A similar
reduction in osteoclast migration (P < 0.001) and differentiation (P <
0.001) was also observed in the EP4 knockout cells (Fig. 1e).
Furthermore, commercially available specific antagonists of EP2 (PF-
04418948) and EP4 (grapiprant) recapitulated the decrease in
migration and osteoclast differentiation observed with the knockout
cells (Fig. S1f). Interestingly, inhibition of EP4, either genetically or via
an antagonist, had a more pronounced effect on migration and
osteoclast differentiation than EP2 inhibition (Fig. S1f).

EP4 deletion, but not EP2 deletion, inhibits OA progression in a
murine model of OA

To investigate the role of EP2 and EP4 in OA progression, we used EP2
knockout and EP4 tissue-specific knockout mice for our ACLT-induced
OA model. Our data suggest that EP2 deficiency did not affect OA
histological or subchondral bone parameters at 2 weeks (Fig. S2b) or
8 weeks (Fig. S2¢) after ACLT surgery. The formation of osteophytes
and activation of osteoclasts were also not different between the EP2
knockout and WT mice after ACLT surgery (Fig. S2b, c).

In contrast, tissue-specific knockout of EP4 in myeloid cells
(EP4-sM) mildly altered the subchondral bone microarchitecture and
protected against OA-induced changes in trabecular bone 2 weeks
post-ACLT surgery (P < 0.05; Fig. S3b) compared to those of the
EP4™" controls. Furthermore, a remarkable reduction in osteoclast
precursor (CD1157/RANK' monocyte) recruitment (P<0.05) and
osteoclast activity (TRAP activity, P<0.001) was observed in the
subchondral bone of the EP4”*™ mice compared to the EP4™"
control mice at this time point (Fig. 2a). Osterix-positive osteopro-
genitor cells, which were increased in the subchondral bone marrow
of the EP4™" mice (P <0.01) post-ACLT, remained at basal levels in
the EP4”*™ mice (Fig. 2a). At a later time point of 8 weeks post-ACLT
surgery, histological and subchondral bone parameters were
markedly better in the EP4”*™ mice than in the EP4™ control mice
and were reflected in their improved OARSI scores (Fig. 2b).
Moreover, at 8 weeks post-ACLT surgery, MMP13- and type X
collagen (COLX)-positive articular chondrocytes, which are markers
for cartilage degeneration, were lower in the EP4“*™ mice than in
the littermate EP4™" control mice (Fig. S3c). Taken together, the data
suggest that PGE2 acting via EP4, and not EP2, may mediate OA
progression in an ACLT surgery-induced murine OA model.

EP4 knockout in osteoclasts reduces pain in OA by suppressing
Netrin-1 secretion and recruiting CGRP-positive sensory neurons
to subchondral bone

One of the common symptoms of OA is pain, and here, we
assessed mechanical (von Frey filaments) and thermal nociception
hyperalgesia in mice compared to that of the EP4"" controls. We
observed that at both the 2- and 8-week time points, the paw
withdrawal threshold of the EP4”*™ mice remained at basal sham-
operated levels compared to that of the EP4™" mice, which
exhibited a significantly lower threshold following ACLT surgery
(P<0.001; Fig. 3a and b).

Subchondral bone osteoclasts have been implicated in recruit-
ing sensory nerves via secretion of nerve growth factor (NGF) and
Netrin-1 and thus mediate pain in OA3'*, We found that PGE2-
induced expression of Netrin-1 was significantly lower at the
transcript level (P <0.01; Fig. 3c) in osteoclasts from the EP4~*M
mice. Furthermore, western blotting confirmed lower expression
of Netrin-1 in osteoclasts from the EP4”*™ mice than in those
generated from the EP4™" mice (Fig. 3d). The results were
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Fig. 1 Expression of EP2 and EP4 in subchondral bone osteoclasts and the effects of PGE2 on osteoclasts with EP2 and EP4 deletion. a gRT-
PCR analysis of the mRNA expression levels of EP1, EP2, EP3, EP4, and Trap in osteoclasts differentiated from BMMs exposed to 10 ng-mL~"
M-CSF and 50 ng-mL~" RANKL for 5-6 days. Error bars are the mean +s.d. n = 3. *P < 0.05, **P < 0.01 and ***P < 0.001, ns, not significant by
unpaired two-tailed Student’s t test. b Representative images of the protein levels of EP2 and EP4 in mouse tibial subchondral bone tissue
2 weeks after sham or ACLT surgery. The experiments were performed with three biological replicates. ¢ Representative images of IHF staining
of EP2 or EP4 (green) and TRAP (red) in subchondral bone 2 weeks post-sham or ACLT surgery (left) and quantitative analysis (right). The white
arrows indicate TRAP-positive osteoclasts expressing EP2 or EP4. Error bars are the mean + s.d. *P < 0.05, ns, not significant by unpaired two-
tailed Student’s t test. n =4 for per group. Scale bars, 20 pm. d EP2 deletion inhibits PGE2-induced migration and osteoclast differentiation.
BMMs from the EP2" and littermate EP2“C mice were used to generate osteoclasts by stimulation with 10 ng-mL~" M-CSF and 50 ng-mL "
RANKL and incubation with 100 nmol-L™" PGE2. Representative image of cells from the Transwell migration assay (Transwell) and osteoclast
differentiation assay (TRAP staining) (top) and the corresponding quantitative analysis (bottom). Error bars are the mean + s.d. n = 3. Two-way
ANOVA followed b/x Tukey’s t tests. Scale bars, 50 pm. e EP2 deletion inhibits PGE2-induced migration and osteoclast differentiation. BMMs
from the WT (EP4™") and littermate EP4™": LysM-cre (EP4%*M) mice were used to generate osteoclasts by stimulation with 10 ng-mL~" M-CSF
and 50 ng-mL~" RANKL (5-6 days) and incubation with 100 nmol-L~' PGE2. Representative image of cells from the Transwell migration assay
(Transwell) and osteoclast differentiation assay (TRAP staining) (top) and the corresponding quantitative analysis (bottom). Error bars are the
mean = s.d. n = 3. Two-way ANOVA followed by Tukey’s t tests. Scale bars, 50 pm
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Fig.2 EP4 deletion in osteoclasts inhibits OA progression in a murine OA model. a Representative images of TRAP staining and IHF staining of
Osterix (Osx), CD115 (red), and RANK (green) in the subchondral bone of the EP4"" or littermate EP4™*™ mice post-ACLT surgery (top) and
quantitative analysis (bottom). TRAP staining, IHF staining of CD115 and RANK, and IHC staining of Osx were performed 2 weeks after ACLT
surgery. The white arrow indicates CD115 and RANK double-positive osteoclast precursors. Error bars are the mean + s.d. Two-way ANOVA
followed by Tukey’s t tests. n = 6 for TRAP staining, n =3 for CD115 and RANK IHF staining. Scale bars, 50 pm (TRAP staining), 20 pm (CD115
and RANK IHF staining), and 20 pm (Osx IHF staining). b Representative 3D reconstructed microCT images, H&E staining, and safranin O-fast
green (S.0.) staining of sagittal sections of articular cartilage of the EP4™" or littermate EP4¥*™ mice 8 weeks after ACLT surgery (left).
Quantitative analysis of structural parameters of subchondral bone, including Tb.Pf, Tb.Sp and BV/TV. OARSI scores based on the S.O. staining
histology analysis (right). Error bars are the mean + s.d. n =6 for each group. Two-way ANOVA followed by Tukey's t tests. Scale bars, 1 mm

(microCT), 50 pm (S.0.) and 50 pm (H&E)

corroborated in an in vivo setting, with Netrin-1 expression being’
significantly lower in the subchondral bone marrow of the EP4™*

mice following ACLT (P < 0.05) than in that of the EP4™ mice (Fig.
3e). The CGRP-positive sensory neurons that may mediate OA-
related pain were also significantly lower in the subchondral bone
marrow of the EP4%*™ mice than in that of the EP4™" mice
(P < 0.01; Fig. 3f). Thus, the data suggest that the reduction in OA-
related pain observed in the EP4”*™ mice may partly be due to the
reduced expression of Netrin-1 and a subsequent reduction in
CGRP-positive sensory neuron recruitment to subchondral bone.

EP4 knockout in osteoclasts reduces type H blood vessels in
subchondral bone via inhibition of PDGF-BB secretion

Increases in subchondral bone angiogenesis and blood vessel
branching are clinical features of OA>*. Our data suggest that ACLT

SPRINGERNATURE

surgery in the EP4™" mice increases type H blood vessels (CD31M9"/

Emcn™9M), which are known to disrupt subchondral bone home-
ostasis'®*° (P < 0.001; Fig. 4a). The induction of type H blood vessels
was significantly blunted in the EP4%* mice (Fig. 4a).
Osteoclast-secreted cytokines, including VEGF-A>*, PDGF-BB'®,
SLIT3> and angiogenin®, can regulate type H blood vessel
production and may have a significant role in OA progression.
Here, we observed that of these cytokines, only PDGF-BB was
differentially expressed between the EP4”*M and EP4™" mice
following PGE2 treatment at both the transcript and protein levels
(Fig. 4b, c). It has been reported that PDGF-BB secreted by
osteoclast precursors can promote subchondral bone angiogen-
esis and osteogenesis and facilitate osteoarthritis progression®’.
Furthermore, IHF staining of subchondral bone marrow showed
reduced PDGF-BB-positive cells in the EP4~*™ mice compared to
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Fig. 3 EP4 deletion in osteoclasts reduces pain in OA by suppressing Netrin-1 secretion and CGRP-positive sensory neuron recruitment to
subchondral bone. Von Frey assay and thermal hyperalgesia test conducted at the right hind paw of the EP4"" or littermate EP4”* mice
2 weeks (a) or 8 weeks (b) after ACLT surgery. Error bars are the mean + s.d. Two-way ANOVA followed by Tukey'’s t tests. n = 6 for each group.
¢ gRT-PCR analysis of the mRNA levels of Ngf and Netrin-1 in osteoclasts generated from BMMs stimulated with 10 ng-mL~' M-CSF and
50 ng-mL~" RANKL and incubated with 100 nmol-L™" PGE2 for 5 days. The experiments were performed with three biological replicates. Error
bars are the mean + s.d. **P < 0.01 and ns, not significant by one-way ANOVA followed by Tukey’s t tests. d Representative images of Netrin-1
protein by western blotting of osteoclasts generated usin1g BMMs from the EP4™ o littermate EP4“*M mice stimulated with 10 ng-mL~" M-CSF
and 50 ng'-mL~" RANKL and incubated with 100 nmol-L~" PGE2 for 5 days. The experiments were performed with three biological replicates,
Representative images of IHF staining of Netrin-1 (e, red) and CGRP-positive sensory nerve fibers (f, red) in the subchondral bone of the EP4™"
or littermate EP4”*™ mice 2 weeks after ACLT surgery (left) and corresponding quantitative analysis (right). The white arrows indicate Netrin-1
or CGRP IHF signals. Error bars are the mean + s.d. Two-way ANOVA followed by Tukey’s t tests. n =3 for each group. Scale bars, 20 pm

the EP4"" mice 2 weeks post-ACLT surgery (P < 0.01; Fig. 4d). To
investigate whether this reduction in angiogenesis is mediated via
secreted factors by osteoclasts from EP4”*M, we performed tube
formation assays using HUVECs treated with conditioned media
(CM) from the EP4“*M-derived osteoclast precursor cells. Our data
show that CM from the EP4“*M-derived osteoclast precursors
reduces the tube branch length and nodes compared to those of
the EP4™"-derived cells (P < 0.05; Fig. 4e). This effect was also more
pronounced for CM collected from osteoclast precursors treated
with PGE2 (P < 0.001; Fig. 4e).

Bone Research (2022)10:27

Identification of a novel potent EP4 antagonist for PGE2-induced
migration and osteoclast differentiation

To identify a potent small molecule EP4 antagonist with
therapeutic potential in OA, we screened a class of small molecule
compounds with 1H-1,2,3-triazole-based structures®’, with osteo-
clast differentiation as the primary outcome. HL-43, which refers to
compound 43 in the library, was the most potent inhibitor of
PGE2-induced osteoclast differentiation (Fig. S4a). We confirmed
that HL-43 mediated its effects via EP4 by assessing osteoclast
differentiation from the EP4"™ and EP4¥*M-derived cells (Fig. 5a).
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BMMs of the EP4™" or littermate EP4"*™ mice stimulated with 10 ng-mL~" M-CSF and 50 ng-mL~' RANKL and incubated with 100 nmol-L~"
PGE2 for 24 h. Error bars are the mean * s.d. n=3. **P<0.01 and ns, not significant by one-way ANOVA followed by Tukey's t tests.
c Representative images of PDGF-BB protein expression by western blotting of osteoclasts generated using BMMs from the EP4™" or littermate
EP4™*M mice stimulated with 10 ng-mL™" M-CSF and 50 ng-mL~" RANKL and incubated with 100 nmol-L™" PGE2 for 3 days. The experiments
were performed with three biological replicates. d Representative images of IHF staining of PDGF-BB (red) in the subchondral bone of the
EP4™" or littermate EP4™*M mice 2 weeks after ACLT surgery (left) and corresponding quantitative analysis (right). The white arrows indicate
PDGF-BB IHF signals. Error bars are the mean + s.d. Two-way ANOVA followed by Tukey’s t tests. n =3 for each group. Scale bars, 20 pm.
e Representative images of the HUVEC tube formation assay (left). BMMs isolated from the EP4™" or littermate EP4”*M mice were stimulated
with 10 ng:-mL™" M-CFS, 60 ng-mL~" RANKL and 100 nmol-L~" PGE2 for 3 days. Subsequently, conditioned medium from osteoclasts was used
to treat HUVECs for 4 h. The branching length and node numbers of the HUVEC tubes were quantitated (right). Error bars are the mean = s.d.
n = 3. Two-way ANOVA followed by Tukey’s t tests. Scale bars, 50 pm
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Fig. 5 The EP4 antagonist HL-43 inhibits OA progression in a murine OA model. a HL-43 inhibits PGE2-induced osteoclast differentiation.
BMMs from the EP4™" mice and littermate EP4™™: LysM-cre mice (EP4*M) were used to generate osteoclasts by stimulation with 10 ng-mL™"
M-CSF and 50 ng-mL ™" RANKL and incubation with 100 nmol-L~" PGE2 in the presence and absence of HL-43 (10 pmol-L™"). Representative
images of TRAP staining are on the left, and the corresponding quantification is on the right. Error bars are the mean + s.d. n = 3. Two-way
ANOVA followed by Tukey’s t tests. Scale bars, 50 pm. b Representative images of TRAP staining and IHF staining of TRAP (red), Osx (red),
CD115 (red), and RANK (green) in the subchondral bone of the WT mice orally treated with the FDA-approved OA pain drug celecoxib
(30 mg-kg™") or HL-43 (30 mg-kg™") 2 weeks after ACLT surgery (left) and quantitative analysis (right). The white arrows indicate CD115 and
RANK double-positive osteoclast precursors. Error bars are the mean + s.d. *P < 0.05, **P < 0. 01 and ***P < 0.001 by one-way ANOVA followed
by Tukey'’s t tests. n = 4 for TRAP staining, n = 3 for TRAP IHF staining, n = 3 for CD115 and RANK IHF staining, n = 3 for Osx IHC staining. Scale
bars, 50 pm (TRAP staining), 20 pm (TRAP IHF staining), 20 pm (CD115 and RANK IHF staining) and 20 pm (Osx IHF staining). ¢ Representative
3D reconstructed microCT images, H&E staining, and S.O. staining of articular cartilage of the WT mice treated with celecoxib or HL-43 8 weeks
after ACLT surgery (left). Mice were orally treated daily with celecoxib (30 mg-kg™") or HL-43 (30 mg-kg™") for 8 weeks. Quantitative analysis of
structural parameters of subchondral bone, including Tb.Pf, Tb.Sp, and BV/TV. OARSI scores based on S.O. staining histology analysis (right).
Error bars are the mean + s.d. *P < 0.05, **P < 0.01 and ***P < 0.001, ns, not significant by one-way ANOVA followed by Tukey'’s t tests. n = 17 for
the sham group, n = 21 for the vehicle-treated group, n = 18 for the celecoxib-treated group, n = 18 for the HL-43-treated group. Scale bars,
1 mm (microCT), 50 pm (H&E) and 50 pm (S.0.)
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Our results show that HL-43 treatment signiﬁcantlry reduced the
number of osteoclasts generated from the EP4""derived cells,
with no effect on the EP4”*M-derived cells (Fig. 5a). A dose-
response curve with HL-43 for osteoclast differentiation gave an
ICs of 1.215 umol-L ™" and an ICse of 0.239 umol-L™" for migration

(Fig. S4b, ¢).

HL-43, an EP4 antagonist, inhibits OA progression in a murine
model of OA

To investigate the therapeutic potential of HL-43 in OA, we
tested its effects on OA progression and subchondral bone
parameters in our ACLT-induced murine OA model. Celecoxib,
a commonly used FDA-approved COX-2 inhibitor for the
clinical treatment of OA, was used in a comparison of the
efficacy of HL-43. Following two weeks of oral administration of
HL-43, mice had a dramatically lower number of TRAP-positive
subchondral bone osteoclasts post-ACLT surgery than those
that received the vehicle controls (P<0.001; Fig. 5b) and
celecoxib treatment (P <0.05; Fig. 5b). HL-43 significantly
decreased the numbers of CD115 and RANK double-positive
osteoclast precursors and Osterix-positive osteoprogenitor
cells in the subchondral bone compared to vehicle (P < 0.001)
and celecoxib (P < 0.05; Fig. 5b).

While no significant differences in bone microarchitecture and
histological parameters were observed two weeks post-ACLT
surgery (Fig. S5a), the changes in the subchondral bone
populations following HL-43 treatment were reflected at 8 weeks,
with improved bone microarchitecture and histological para-
meters and reduced osteophytes and articular cartilage defects
observed post-ACLT surgery (Fig. 5¢). The expression of MMP13
and COLX was also lower after ACLT surgery than after vehicle
treatment (P <0.001; Fig. S5b), with no differences observed
compared to those after celecoxib treatment.

Furthermore, celecoxib is associated with several severe side
effects to the cardiovascular system, kidneys, intestines, stomach
and liver’®®', Indeed, red blood cell infiltration was observed in
the gastric tissues of the mice treated with celecoxib, which was
absent in the HL-43-treated group (Fig. S5¢). Celecoxib was also
more cytotoxic to BMMs (ICso: 50.64 pmol-L™") and BMSCs (ICs:
41 pmol-L™") than HL-43 (ICso > 300 pmol-L ™' for both; Fig. S5d),
which may have implications for adverse reactions. Taken
together, our data suggest that the EP4 antagonist HL-43 could
reduce OA progression by targeting subchondral bone osteoclast
activity, retaining the bone microarchitecture and reducing
osteophyte formation, with minimal side effects.

HL-43 reduces pain in OA by suppressing Netrin-1 secretion and
recruiting CGRP-positive sensory neurons to subchondral bone
Similar to data obtained with the EP4*" mice, we observed that
at both the 2- and 8-week time points, the paw withdrawal
threshold following HL-43 treatment was higher with mechanical
nociception and thermal nociception hyperalgesia than that of the
vehicle group following ACLT surgery (P<0.05; Fig. 6a and b).
Netrin-1 expression was also significantly lower in subchondral
bone marrow in the HL-43-treated group than in the vehicle-
treated group (P < 0.05; Fig. 6¢) and in primary osteoclasts in vitro
(Fig. 6d). CGRP-positive sensory neurons in the subchondral bone
marrow were also lower in the HL-43-treated mice than in the
vehicle-treated mice (P < 0.05; Fig. 6e). No significant differences
were observed in mechanical and thermal nociceptive hyper-
algesia or Netrin-1- or CGRP-positive sensory neuron expression
between the HL-43 and celecoxib treatment groups at either time
point (Fig. 6a-e).

HL-43 reduces type H blood vessels in subchondral bone via
inhibition of PDGF-BB secretion by osteoclasts

HL-43 treatment in the murine OA model reduced the presence of
type H blood vessels (CD31"9"/Emcn"'9") in the subchondral bone
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compared to that of the vehicle-treated group (P < 0.05; Fig. 7a).
Analysis of subchondral bone via IHF staining and primary
osteoclasts via western blotting showed reduced expression of
PDFG-BB following HL-43 treatment (P < 0.001; Fig. 7b and c). Tube
branching length and node numbers were also lower in the
HUVECs exposed to conditioned medium from the PGE2-induced
osteoclasts treated with HL-43 (P <0.001; Fig. 7d).

The PGE2/EP4 signaling axis regulates migration and osteoclast
differentiation via Gas/PI3K/AKT/MAPK activation

Previous reports in several cells and tissues have suggested that
PGE2/EP4 signaling may activate the Gas or B-arrestin pathways®* %%,
BMMs from B-arrestin1 and B-arrestin2 knockout mice did not show
any changes in the ability of PGE2 to induce osteoclast differentiation
and migration compared to the WT cells (Fig. 8a, b). However,
deletion of Gas from these precursors impaired their migration (P <
0.05) and differentiation to osteoclasts following PGE2 treatment (P <
0.05; Fig. 8c). PGE2/EP4 signaling via Gas induced cAMP production
and protein kinase A signaling downstream activation®. Here, we
observed that in osteoclasts from the EP4”*" mice, PGE2 treatment
resulted in markedly lower cAMP production than osteoclasts from
the EP4™" mice (P<0.001; Fig. 8d). Moreover, using a phosphopro-
teome antibody array (157 phosphorylation antibodies) to identify
differential pathway activation with PGE2 in these cells, we found
alterations in cAMP, PI3K/AKT, and MAPK signaling (Fig. S6).

As the activation of PI3K/AKT signaling pathways was remark-
ably different between the EP4%*™ and EP4™" cells and its role in
osteoclast differentiation is well established®, this pathway was
our primary choice for further investigations. Indeed, PGE2-
induced phosphorylation of AKT was dampened in cells from
the EP4"*M mice but was rescued in the presence of 3-isobutyl-1-
methylxanthine (IBMX), which protects against cAMP degradation
(Fig. 8e). Furthermore, PGE2-induced migration (P < 0.05; Fig. S7a)
and differentiation (P<0.05; Fig. S7a) of the WT mice were
significantly suppressed following treatment with an AKT inhibitor
(GSK2141795).

The phosphoproteome antibody array also identified MAPK
signaling, a pathway downstream of PI3K/AKT®®, to be altered
between the EP4Y*™ and EP4™" cells. We observed suppression of
the p-ERK, p-38 and p-JNK MAPKs in cells lacking EP4 following
PGE2 treatment (Fig. 8e), but this change was reversed in the
presence of IBMX. Additionally, AKT inhibition via GSK2141795 in
the presence of PGE2 suppressed the phosphorylation of these
MAPKs compared to vehicle treatment (Fig. S7b). Inhibition of
MAPKs also resulted in a reduction in PGE2-induced migration and
osteoclast differentiation (Fig. S7c).

Finally, we investigated NF-kB signaling, which is downstream
of PI3K/AKT activation and mediates osteoclastogenesis®’. Inter-
estingly, NF-kB signaling also regulates PDGF-BB expression and
may have implications for osteoclast-mediated type H vessel
formation in OA. Neferine, an inhibitor of NF-kB signaling,
strikingly suppressed PGE2-induced PDGF-BB expression in
osteoclasts from the WT mice (Fig. S7d). Moreover, NF-kB (p65)
phosphorylation was suppressed in cells lacking EP4 following
PGE2 treatment (Fig. 8e), which was rescued with IBMX.

Thus, the data here suggest that inhibiting PGE2/EP4 signaling
occurs via the Gas/cAMP/PI3K/AKT/MAPK axis and that PGE2/EP4/
cAMP signaling decreases the expression of PDGF-BB through the
NF-kB pathway.

DISCUSSION

Alterations in the subchondral bone microarchitecture, usually
caused by aging or mechanical trauma, are a primary risk factor
for OA®®. In comparison to normal cartilage, osteoarthritic
tissues express elevated levels of COX-2 and consequently
have higher levels of PGE2*°. PGE2 plays an important role in
OA, but how it regulates subchondral bone homeostasis,
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Fig. 6 HL-43 reduces pain in OA by suppressing Netrin-1 secretion by osteoclasts and CGRP-positive sensory neuron recruitment to
subchondral bone. Von Frey assay and thermal hyperalgesia test conducted at the right hind paw of the WT mice treated with celecoxib
(30 mg-kg™") or HL-43 (30 mg-kg ™) for 2 weeks (a) or 8 weeks (b) after ACLT surgery. Error bars are the mean * s.d. **P < 0.01 and ***P < 0.001,
ns, not significant by one-way ANOVA followed by Tukey’s t tests. n = 6 for each group. ¢ Representative i images of IHF staining of Netrin-1
(red) in the subchondral bone of the WT mice orally treated with celecoxib (30 mg-kg™") or HL-43 (30 mg-kg™') 2 weeks post-ACLT surgery
(left) and quantitative analysis (right). The white arrows indicate Netrin-1 IHF signals. Error bars are the mean + s.d. *P < 0.05, **P <0.01 and
***¥P < 0.001, ns, not significant by one-way ANOVA followed by Tukey’s t tests. n =3 for each group. Scale bars, 20 pm. d Representatlve
images of Netrin-1 protem expression by western blotting for osteoclasts generated using BMMs from WT mice stimulated with 10 ngmL™’
M-CSF and 50 ng: -mL~" RANKL. The cells were incubated with 100 nmol-L~" PGE2 with or without celecoxib (10 pmol-L™ " or HL-43
(10 pmol-L™") for 5 days. The experiments were performed with three biological replicates. e Representative images of IHF staining of CGRP-
positive sensory nerve fibers (red) in the subchondral bone of the WT mice orally treated with celecoxib (30 mg-kg™") or HL-43 (30 mg-kg™")
2 weeks post-ACLT surgery (left) and quantitative analysis (right). The white arrows indicate CGRP IHF signals. Error bars are the mean + s.d.
**P <0.01 and ***P < 0.001, ns, not significant by one-way ANOVA followed by Tukey'’s t tests. n =3 for each group. Scale bars, 20 pm

specifically osteoclast function, remains unclear. Here, we
observed elevated expression of the PGE2 receptor EP4 in
osteoclasts from subchondral bone. Genetic deletion of the EP4
receptor in osteoclasts or using a specific inhibitor reduced OA
progression in a murine model. Furthermore, this effect was
accompanied by lower recruitment of type H blood vessels and
CGRP-positive sensory neurons in the subchondral bone, with
implications for disease progression and pain. We also
identified the primary signaling pathway triggered in

Bone Research (2022)10:27

subchondral bone osteoclasts following activation of EP4 via
PGE2. Finally, we identified HL-43 as a candidate small
molecule for the treatment of OA; these molecules had better
efficacy in improving subchondral bone microarchitecture than
celecoxib (clinically approved COX-2 inhibitor) and fewer side
effects.

While PGE2 is a known regulator of bone homeostasis, the
direct effects of PGE2 on osteoclast activity remain controversial,
with studies showing both stimulatory and inhibitory effects®®”°.
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Fig. 7 HL-43 reduces type H blood vessels in subchondral bone via inhibition of PDGF-BB secretion by osteoclasts. Representative images for
IHF staining of a EMCN (green) and CD31 (red) type H vessels and b PDGF-BB (red) in subchondral bone of the WT mice orally treated with
celecoxib (30 mg-kg’1) or HL-43 (30 mg~kg’1) 2 weeks post-ACLT surgery (left) and quantitative analysis (right). The white arrows indicate
PDGF-BB IHF signals. Error bars are the mean + s.d. *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA followed by Tukey’s t tests. n =3
for each group. Scale bars, 20 pm. ¢ Representative images of PDGF-BB protein expression by western blotting for osteoclasts generated using
BMMs from WT mice stimulated with 10 ng-mL™" M-CSF and 50 ng-mL~"' RANKL. The cells were incubated with 100 nmol-L~' PGE2 with or
without celecoxib (10 umol-L™") or HL-43 (10pmol-L™") for 3 days. The experiments were performed with three biological replicates.
d Representative images of the HUVEC tube formation assay (left). BMM:s isolated from the WT mice were stimulated with either 10 ng-mL’1
M-CSF alone or with 60 ng-mL™" RANKL. Other treatment conditions included BMMs stimulated with M-CSF and RANKL, 100 nmol-L~" PGE2,
with and without HL-43 (10 pmol-L ") for 3 days. Subsequently, conditioned medium from osteoclasts was used to treat HUVECs for 4 h. The
branching length and node numbers of the HUVEC tubes were quantitated (right). Error bars are the mean +s.d. *P < 0.05, **P <0.01 and

***¥P < 0.001 by one-way ANOVA followed by Tukey’s t tests. n =3 for each group. Scale bars, 50 pm

The migration of osteoclast precursors to the site of bone
remodeling and differentiation into multinucleated osteoclasts
are the keys to osteoclast function. Here, using genetic deletion,
we show that PGE2 acting via the EP2 and EP4 receptors can
regulate migration and osteoclast differentiation, consistent with a
previous finding by Kobayashi et al., which describes enhanced
osteoclast differentiation from RAW264.7 cells following PGE2
exposure and suggests EP2 and EP4 as the likely mediators®.
Interestingly, in our in vivo model of OA, mice with EP4 deletion
in the myeloid (osteoclast precursor cells) showed a marked
improvement in most parameters measured to assess OA progres-
sion, including subchondral bone microarchitecture and osteo-
phyte formation. However, deletion of EP2 had little effect on
improving OA progression in this model. Additionally, EP2 deletion
failed to elicit any reduction in articular cartilage degeneration or
OA progression in the DMM-induced OA model (data not shown).
These data suggested that EP2 might have little effect on the
progression of murine OA. While EP2 is known to be highly
expressed in articular cartilage‘”, its role in OA remains unclear. EP2
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knockdown in chondrocytes has been shown to increase MMP13
production and consequently degradation of cartilage*’. Conver-
sely, in a separate study, the EP2 agonist butaprost suppressed
proteoglycan accumulation and synthesis, aggrecan expression,
and the type-ll:type-l collagen ratio in human chondrocytes,
exerting antianabolic effects’’. The contradictory reports might
also be explained by the lack of cross validation of data obtained on
small molecules with EP2 knockout cell and animal models.

Previous reports have shown that PGE2 can elicit a biphasic
osteoclast differentiation response based on the time of exposure
via its action on EP272. Our in vitro study was performed at a single
time point, and therefore, it is likely that we may not have
captured the long-term effects of EP2 deletion, which might have
influenced the in vivo experiments. Furthermore, in our models,
EP4 deletion was a tissue-specific knockout in myeloid cells
compared to global EP2 deletion. As PGE2 has wide-ranging roles
in various processes, including inflammation and repair’>, the off-
target effects of EP2 deletion may confound the results, especially
after ACLT surgery.
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Fig.8 PGE2 regulates migration and osteoclast differentiation through the Gas/PI3K/AKT/MAPK signaling pathways downstream of EP4. PGE2
regulates migration and osteoclast differentiation independent of p-arrestin1 (a) and p-arrestin2 (b) but via Gas (c). BMMs from the WT and
littermate B-arrestini- and B-arrestin2-knockout mice were used to generate osteoclasts by stimulation with 10 ng-mL~' M-CSF and 50 ng-mL~"
RANKL and incubation with 100 nmol-L~' PGE2. For Gas experiments, osteoclasts were generated from the GMMs of the Gas™” controls and
Gas™"; LysM-cre (Gas™*™) mice. A differentiation assay (TRAP staining) (left) and the corresponding quantitative analysis (right). Scale bars,
50 pm. Error bars are the mean + s.d. n = 3. Two-way ANOVA followed by Tukey'’s t tests. Scale bars, 50 pm. d cAMP production was measured
via ELISAs for osteoclasts derived from the Ep4™" and Ep4™*" mice. BMMs from the two mouse strains were isolated and stimulated with
10 ng'mL™" M-CSF and 50 ng-mL™"' RANKL to differentiate into osteoclasts and incubated with 100 nmol-L™" PGE2 for 30 min prior to cAMP
measurements. Error bars are the mean + s.d. ***P < 0.001 by unpaired two-tailed Student’s t test. The experiment was performed with three
biological replicates. e Representative images of the indicated protein expression by western blotting for osteoclasts generated using BMMs
of Ep4™™ and Ep4~*™ mice. The cells were treated either with osteoclastogenic media (10 ng-mL~" M-CSF and 50 ng-mL~' RANKL) alone, with
PGE2 (100 nmol-L™"), or PGE2 with IBMX (1 mmol-L™") for 3 h. The experiments were performed with three biological replicates
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OA is a frequent cause of pain, regardless of the complex
multifactorial pathophysiology of the disease, which remains the
focus for the clinical management of OA. As the cartilage is
aneural, the subchondral bone, along with the other tissues of the
osteochondral joint, is the primary source of nociceptive stimuli in
OA’*”>_ Indeed, recent studies have shown that aberrant
remodeling of subchondral bone leads to innervation of sensory
nerves in patients with OA (79). Mechanistically, this phenomenon
has been partly attributed to the release of NGF and Netrin-1 by
osteoclasts®'32, Here, we show that deletion of EP4 in osteoclasts
and HL-43 both result in lower expression of Netrin-1 in the
subchondral bone following ACLT-induced OA and consequently
lower CGRP-positive sensory neurons. This decrease in Netrin-1 is
likely to be a direct consequence of lowered osteoclast
differentiation and activity, as bisphosphonates have been shown
to have similar effects®’.

Type H blood vessels are a subtype of capillaries that highly
express CD31 and endomucin (Emcn) as markers. Abundant
osteoprogenitors surround these vessels, with high expression of
Osterix, and therefore are osteogenic in nature. In OA, type H
blood vessels in the subchondral bone regulate osteoid formation,
and inhibition of angiogenesis has been shown to attenuate OA
progression’®. In this study, both genetic and pharmacological
inhibition of EP4 attenuated subchondral bone angiogenesis and
type H blood vessel formation. Furthermore, this effect was shown
to occur via a reduction in PDGF-BB, a potent chemotactic factor
secreted by osteoclasts during bone remodeling””. Thus, our data
suggest that inhibition of PGE2/EP4-induced migration and
osteoclast differentiation may prevent aberrant subchondral bone
formation via a reduction in angiogenesis.

NSAIDs, including the COX-2-specific inhibitor celecoxib, are
commonly used to manage OA-related pain’®%°. However,
concerns about the gastrointestinal and cardiovascular safety of
COX inhibitors limit their application, and the lowest effective
dose should be used for the shortest duration. Even here, we
observed high cytotoxicity with celecoxib treatment in vitro
(BMMs and BMSCs) and in vivo (gastrorrhagia). Nevertheless, the
results from this study support the rationale of targeting the
PGE2 signaling pathway in OA, but via the osteoclast EP4
receptor, to have more specific effects with lower adverse events
compared to those of COX-2 inhibitors. The integral role of
subchondral bone osteoclasts in OA pathogenesis is increasingly
becoming evident'>®'"8>, Moreover, the suitability of targeting
these subchondral bone osteoclasts for OA treatment is high-
lighted by trials with bisphosphonates®’%, However, the results
from these trials have been contradictory, with some reports
suggesting improved clinical outcomes>*3>% and others showing
no significant improvement in OA symptoms or progression®®’,
Therefore, a novel therapeutic candidate to target subchondral
bone osteoclasts could definitely be beneficial for managing OA.

In summary, our study identifies a novel mechanism by which
PGE2, acting on subchondral bone osteoclasts, mediates OA
pathogenesis. We provide evidence to suggest that these actions
of PGE2 on osteoclasts occur via the EP4 receptor. Furthermore,
targeting PGE2/EP4 in osteoclasts remarkably attenuates sub-
chondral bone angiogenesis and sensory neuron innervation, thus
reducing pain sensitivity. Finally, we also identified HL-43 as a
potent EP4 antagonist, which, similar to EP4 deletion, reduced OA
progression, osteophyte formation, and pain sensitivity and
improved subchondral bone microarchitecture and is therefore a
novel candidate for OA treatment.

MATERIALS AND METHODS

Reagents

Celecoxib (Cat# PHR1683), safranin O solution (Cat# HT90432), fast
green (Cat# F7252), hematoxylin solution (Cat# MHST1), eosin Y
solution (Cat# 318906), dimethyl sulfoxide (DMSO, Cat# D8418),
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sodium citrate (Cat# PHR1416), hydrogen peroxide (Cat# 18304),
Triton X-100 (Cat# T8787) and TRAP staining kits (Cat# 387 A) were
purchased from Sigma-Aldrich (St. Louis, MO). Grapiprant (Cati#
S$6694), PF-04418948 (Cat# S7211), AZD6244 (Cat# S1008), JNK-IN-
8 (Cat# S4901), SB203580 (Cat# S1076), GSK2141795 (Cat# S7492),
neferine (Cat# S5144), IBMX (Cat# S5836) and PGE2 (Cat# S3003)
were purchased from Selleck (Houston, TX). Recombinant mouse
M-CSF protein (Cat# 416-ML) and recombinant mouse RANK L
protein (Cat# 462-TRL) were purchased from R&D (Minnesota,
USA). Matrigel (Cat# 356234) was purchased from BD Biosciences
(San Jose, CA). Mountant (Cat# P36931) was purchased from
Thermo Fisher Scientific (Waltham, MA). A TRACP staining kit (Cat#
MK300) was purchased from TaKaRa (Dalian, China).

Animal studies

EP4™" C57BL/6) mice and EP2C C57BL/6J mice were obtained
from Dr. Tao P Zhong and Gas™" C57BL/6J mice were a kind gift
from Dr. Lee Scott Weinstein at NIDDK, National Institutes of
Health. B-arrestin1® C57BL/6) mice®® and B-arrestin2® C57BL/6)
mice were kind gifts from Dr. Gang Pei at Tongji Universitg/. LysM-
cre C57BL/6J mice® were crossed with EP4"" mice and Gas™" mice,
and the genotype of the resultant transgenic mice was determined
using PCR or g-PCR of genomic DNA isolated from the mouse toe.
The transgenes were genotyped using the following primer pairs:
LysM-cre: F-5'-CCCAGAAATGCCAGATTACG-3’, and R-5"-CTTGGGCTG
CCAGAATTTCTC-3; EP4™".  F-5/-CCCCACCCTACAGGTAAGTCG-3,
and R-5'-AGATCCAACTTCCTCATCGGTA-3'; Gas™™: F-5'-TTCGGCTCG
TCCCCTTAGTTG-3/, and R-5'-AACAAATCGCACACCCCAGTGAGG-3/;
EP2: F-5-TGCTCATGCTCTTCGCTATG-3’, and R-5-CGTACTCCCCGTA
GTTGAGC-3’; B-arrestinl: F-5-CCTAGTGCTGGGATTACAAG-3/, and
R-5'-CATAGCCTGAAGAACGAGAT-3’; B-arrestin2: F-5'-GCTAAAGCGC
ATGCTCCAGA-3/, and R-5'-ACAGGGTCCACTTTGTCCA-3'.

ACLT surgery

The ACL was transected to induce OA in 10-week-old male C57BL/
6J mice as previously described'>. The mice were subsequently
euthanized at either 14 (2 weeks) or 56 days (8 weeks) after
surgery (n =6 per group).

We also purchased 10-week-old male WT C57BL/6 J mice from
the National Rodent Laboratory Animal Resources (Shanghai,
China) and performed sham or ACLT surgery. The mice were then
treated every day for 2 weeks or 8 weeks after surgery with 30 mg
per kg body weight celecoxib, and HL-43 was resuspended in 0.5%
sodium carboxymethylcellulose (Sigma St. Louis, MO) (n = 4-21 per
group). The sham and ACLT vehicle control mice were treated with
0.5% sodium carboxymethylcellulose, and all treatments were
administered by gavage. At the end of the procedure, the mice
were euthanized, and knee joints were collected for histological
analyses. The OARSI histopathology grading system was used to
evaluate the sections as previously described”. Mice were caged in
a laminar airflow cabinet under specific pathogen-free conditions.
They were kept at 22 °C, fed sterilized water and food (Xie Tong
Biomedical Engineering Company, Jiangsu, China; Cat# 1010084),
and kept on a 12 h light/dark cycle. We maintained all mice in the
animal facility of East China Normal University (Shanghai, China).
The experimental protocol was approved by the Institutional
Animal Care and Use Committee of East China Normal University.
The assigned approval number of this study was m + R20190301.

Mechanical nociception hyperalgesia test

The sensitivity to punctate static mechanical stimuli was assessed
in the mouse hind paw by von Frey nylon filaments. Mice were
placed in cages for 30 min prior to the test. Von Frey filaments
(Ugo Basile, Varese, Italy) were applied to the midplantar surface
of hind paws under the mesh cage. We recorded the minimal
force to elicit a 50% positive response as the paw withdrawal
threshold. The investigators were blinded to the study groups and
performed all tests.
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Thermal nociception hyperalgesia test

Thermal nociceptive hyperalgesia was measured by the plantar
test using an Ugo-Basile 37370 (Comerio, ltaly). The mice were
placed on a transparent glass plate for 30 min prior to the test,
thermal nociception hyperalgesia of the ipsilateral hind paws was
assessed three times, and there was a 30-minute interval between
each trial. We recorded the time(s) from irradiation to mouse hind
paw withdrawal as the thermal withdrawal latency. The investi-
gators were blinded to the study groups and performed all tests.

Primary osteoclast culture, migration and differentiation assays
Bone marrow macrophages (BMMs) were isolated from 8-week-
old male C57BL/6J mouse femurs and tibiae as previously
described®®. Briefly, cells were isolated by flushing bone marrow
of femur and tibia and cultured in a-MEM (Gibco) with 10% serum
(Gibco), 1% penicillin-streptomycin (HyClone) and 10 ng-mL™"
M-CSF (R&D) to generate BMMs. For differentiation, BMMs were
seeded in 96-well culture plates (1 x 10* cells per well) and
induced with 10 ng-mL’1 M-CSF and 50 ng-mL’1 RANKL (R&D) for
5-6 days. When BMMs differentiated into mature osteoclasts, a
TRAP staining kit (TaKaRa) was used to stain mature osteoclasts
according to the manufacturer’s instructions, and TRAP-positive
osteoclasts with 5 or more nuclei were counted. For BMM
migration, BMMs (1 x 10* cells per well) were seeded in the upper
chamber of the Transwell inserts with or without inhibitors and
antagonists. PGE2 was added in lower chamber. The culture
medium was the same between the upper chamber and lower
chamber in the Transwell. After 18 h, the cells were fixed with 4%
PFA and stained with crystal violet. The cells on the bottom of the
Transwell insert were used to assess migration. At least five fields
of view per insert were photographed, and migrated cells were
counted by Image-Pro Plus 6.0 software (Media Cybernetics).

Immunohistochemical staining and immunofluorescence staining
Mouse knee joint tissue was fixed in 4% paraformaldehyde for
48 h and decalcified in 10% EDTA for 2 weeks. The tissues were
embedded in paraffin or optimal cutting temperature (OCT) and
sectioned at a thickness of 6um for immunohistochemical
staining or 25 um for immunofluorescence staining. A standard
protocol was followed for immunohistochemical staining®’. Briefly,
tissue sections were soaked in xylene for 8 min and replaced with
fresh xylene for 5 min. Subsequently, the tissue slices were soaked
in a series of ethanol solutions (100%, 95%, 85% and 75%) to
deplete xylene. Citrate buffer (Sigma) was used to perform antigen
retrieval, and 3% hydrogen peroxide (Sigma) was used to reduce
endogenous peroxidase activity. The tissue sections were per-
meabilized with 0.1% Triton X-100 (Sigma). Tissue sections were
blocked in 2% horse serum to reduce nonspecific staining and
then incubated with the indicated antibodies. Anti-MMP13 (Cat#
ab219620, 1:200 dilution) was purchased from Abcam (Cambridge,
MA). An immunohistochemistry Application Solutions Kit (#13079,
CST) was used, and a Leica microscope (Leica, DM4000b) was used
to obtain images. Cells with positive signals were counted in the
tibia subchondral bone and cartilage specimens, with three
sequential specimens. A negative control in which the primary
antibody was replaced by 2% goat serum was performed to
exclude nonspecific signals. A standard protocol was followed for
immunofluorescence staining®’. Briefly, frozen tissue sections
were dried for 15min at room temperature and fixed in 4%
paraformaldehyde for 10 min. Triton X-100 (0.1%, Sigma) was used
to permeate tissue slices. Tissue sections were blocked in 2%
horse serum to reduce nonspecific staining and were subse-
quently incubated with the indicated antibodies. Anti-EP2 (Cat#
ab167171, 1:200 dilution), anti-Collagen X (Cat# ab182563, 1:1 000
dilution), anti-Netrin-1 (Cat# ab39370, 1:100 dilution), anti-PDGF-
BB (Cat# ab23914, 1:100 dilution), anti-CGRP (Cat# ab81887, 1:200
dilution), anti-Osterix (Cat# ab22552, 1:100 dilution), anti-CD31
(Cat# ab24590, 1:100 dilution) and anti-CD115 (Cat# ab272049,
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1:200 dilution) were purchased from Abcam (Cambridge, MA).
Anti-EP4 (Cat# sc-55596, 1:100 dilution), anti-EMCN (Cat# sc-65495,
1:50 dilution) and anti-RANK (Cat# sc-374360, 1:100 dilution) were
obtained from Santa Cruz (Texas, USA). Anti-TRAP (Cat# 32694,
1:200 dilution) was purchased from SAB (Maryland, USA) and used
for TRAP IHF staining and TRAP and EP4 IHF double staining. Anti-
TRAP (Cat# NB300-555, 1:200 dilution) was purchased from Novus
(Colorado, USA) and used for TRAP and EP2 IHF double staining.
Tissue sections were incubated with appropriate fluorescently
labeled secondary antibody for 1h, and images were obtained
with a Leica microscope (Leica, DM4000b) and two-photon laser
confocal microscope (Leica, TCS SP8). Cells with positive signals
were counted in the tibia subchondral bone and cartilage
specimens, with three sequential specimens. Similar to immuno-
histochemistry, a no-primary negative control was added to each
batch of slides to preclude nonspecific signals, and a Vector®
TrueVIEW® Autofluorescence Quenching Kit (Vector Labs, Cat#: SP-
8400-15) was also used to minimize nonspecific IHF signals.

Western blotting analysis

Western blotting analysis was performed as previously
described®®. Briefly, mouse knee joint tissues and human knee
joint subchondral bone tissues were ground in liquid nitrogen and
lysed in modified radioimmunoprecipitation assay buffer, and
osteoclasts were also lysed with the same buffer. A BCA Protein
Assay Kit (Thermo Fisher Scientific) was used to determine the
protein concentration. The same amounts of protein were
resolved by SDS-PAGE electrophoresis and transferred to nitro-
cellulose membranes (Millipore). Then, 5% BSA (Sigma) was used
to block membranes. Phosphate buffer solution was used to wash
membranes, and specific antibodies were immunoblotted with
membranes. The detailed information of the antibodies used is as
follows: anti-EP2 (Abcam Cat# ab167171, 1:1 000 dilution), anti-EP4
(Santa Cruz Cat# sc-55596, 1:100 dilution), anti-PDGF-BB (Abcam
Cat# ab23914, 1:1 000 dilution), anti-Netrin-1 (Abcam Cat#
ab126729, 1:1 000 dilution), anti-p65 (CST Cat# 8242, 1:1 000
dilution), anti-p-p65 (CST Cat# 3033, 1:1 000 dilution), anti-AKT
(CST Catit 4685 S, 1:1 000 dilution), anti-p-ATK (CST Cat# 130385,
1:1 000 dilution), anti-ERK (CST Cat# 4695, 1:1 000 dilution), anti-p-
ERK (CST Cat# 4370, 1:1 000 dilution), anti-p38 (CST Cat# 8690,
1:1 000 dilution), anti-p-p38 (CST Cat# 4511, 1:1 000 dilution), anti-
JNK (CST Cat# 9252, 1:1 000 dilution), anti-p-JNK (CST Cat# 4668,
1:1 000 dilution) and anti-GAPDH (Abcam Cat# ab9485, 1:10 000
dilution). Following overnight incubation, the membranes were
washed with TBST and incubated with secondary antibodies (LI-
COR Biosciences, Cat# 926-32211, 1: 10 000 dilution) without light
for 1h. The membranes were then washed with TBST, and an
Odyssey Infrared Imaging System was used to obtain images.

Quantitative real-time PCR
We used RNAiso Plus (TaKaRa, Dalian, China) to extract RNA and
then converted it to ¢cDNA by a Prime Script RT Reagent Kit
(TaKaRa, Dalian, China). A SYBR kit (TaKaRa, Dalian, China) and 96-
well Thermal iCycler (Bio-Rad, Hercules, CA) were used to perform
gRT-PCR. Detailed information on the primers is listed as follows.
EP1: F-5-GGGCTTAACCTGAGCCTAGC-3’, and R-5'-GTGATGTGCCA
TTATCGCCTG-3/; EP2: F-5'-GTAACGGAATTGGTGCTCACT-3/, and R-5'-
TGAAAGCGAAATAGGTACACGC-3’; EP3: F-5'-CCGGAGCACTCTGCTG
AAG-3/, and R-5'-CCCCACTAAGTCGGTGAGC-3'; EP4: F-5'-GTGCGGAG
ATCCAGATGGTC-3/, and R-5-TCACCACGTTTGGCTGATATAAC-3/;
Trap: F-5'-CACTCCCACCCTGAGATTTGT-3’, and R-5-CCCCAGAGACAT
GATGAAGTCA-3’; Pdgf-bb: F-5-CATCCGCTCCTTTGATGATCTT-3/, and
R-5"-GTGCTCGGGTCATGTTCAAGT-3; Vegf-A: F-5-CTGCCGTCCGATTG
AGACC-3/, and R-5'-CCCCTCCTTGTACCACTGTC-3'; Angiogenin: F-5'-
CCAGGCCCGTTGTTCTTGAT-3/, and R-5-GGAAGGGAGACTTGCTCATT
C-3; Slit3: F-5'-TGCCCCACCAAGTGTACCT-3/, and R-5-GGCCAGCGA
AGTCCATTTTG-3'; Ngf. F-5'-AGACTCCACTCACCCCGTG-3, and R-5'-G
GCTGTGGTCTTATCTCCAAC-3’; Netrin-1: F-5'-CGACCTCAATAACCCGC
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ACAA-3/, and R-5-GCGTGGAATAGAACTGGAAGG-3'. Gapdh: F-5'-TG
GCCTTCCGTGTTCCTAC-3/, and R-5"-GAGTTGCTGTTGAAGTCGCA-3’;

Cell toxicity assay

BMMs (stimulated with 1Ong-mL’1 M-CSF) and BMSCs were
seeded in 96-well culture plates (5 x 1038 x 10° cells per well for
BMMs and 3 x 10°-5 x 10° cells per well for BMSCs) and allowed
to adhere overnight. Subsequently, the cells were treated for
48 h with different drug concentrations. Cell viability was
measured by a cell proliferation assay kit (Promega, Madison,
WI) according to the manufacturer’s instructions. The IC50 values
were calculated by GraphPad Prism 8.0 (log [inhibitor] vs.
normalized response).

MicroCT

Then, 4% paraformaldehyde was used to fix knee joints, which
were dissected from mice overnight, and high-resolution pCT
(Skyscan-1272; Bruker microCT, Belgium) was used to scan the
tissues. The scanner operated at a voltage of 60 kV, 166 pA, and a
resolution of 7um per pixel. Two-dimensional images were
reconstructed by Skyscan NRecon software (Bruker), and CTAna-
lyser software (Bruker) was used to analyze the images. CTVox
software (Bruker) was used to analyze the parameters of the
trabecular bone. Three-dimensional histomorphometric analyses
were conducted on the sagittal images of the tibial subchondral
bone. The entire subchondral bone medial compartment, consist-
ing of fifteen consecutive images from the medial tibial plateau,
was analyzed. The three-dimensional structural parameters
analyzed included BV/TV, Tb.Sp, and Tbh.Pf.

HUVEC tube formation

Matrigel (BD Biosciences) was thawed in a refrigerator at 4°C
overnight, plated in 48-well culture plates and polymerized in a
cell incubator. Subsequently, HUVECs obtained from ATCC
(Manassas, VA) (2 x 10 cells per well) were seeded on polymer-
ized Matrigel. Monocytes were harvested from 8-week-old WT,
Ep4™ and Ep4™*™ male mice by flushing the bone marrow of
femurs and tibia and differentiated into osteoclast precursor cells
over 3 days using media with 60 ng-mL™" RANKL, 10 ngmL™" M-
CSF, and 100 nmol-L~" PGE2. Conditioned medium from osteo-
clast precursor cells was harvested and concentrated in PES
protein concentrators (Thermo Fisher Scientific) and then used to
induce tube formation. Images were obtained by microscopy, and
GraphPad Prism 8.0 was used to measure the cumulative
branching length and number of tube nodes.

Phosphoproteome antibody array

BMM:s isolated from the EP4”* and EP4™" mice were stimulated
with 10 ng-mL~" M-CSF, 50 ng-mL~' RANKL, and 100 nmol-L~' PGE2
for 3h. The cell lysates were collected and subjected to a
phosphoproteome antibody array containing 157 phosphoprotein-
targeted antibodies (Full Moon Biosystems, Phospho Explorer
CSP100_Plus). The levels of the individual proteins were normalized
to that of B-actin (included in the array as an internal control).

Human joint subchondral bone samples

Human joint tissues with subchondral bone undergoing total knee
arthroplasty were obtained from Shanghai Sixth People’s Hospital,
and the subchondral bone from the polydactyly patient under-
going resection was obtained as a control, with the approval of
the Human Ethics Committee (2021-048). We scraped the cartilage
off cleanly and then used pieces of subchondral bone from the
different samples for protein extraction and western blotting.

Statistical analysis

All data are presented as the mean+S.D. One-way ANOVA
followed by Tukey'’s t tests, two-way ANOVA followed by Tukey's t
tests or two-tailed paired Student’s t tests were used to compare
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the means among groups. GraphPad Prism 8.0 was used to
perform statistical tests.
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