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GPR84 potently inhibits osteoclastogenesis 
and alleviates osteolysis in bone metastasis 
of colorectal cancer
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Abstract 

The expression of GPR84 in bone marrow‑derived monocytes/macrophages (BMMs) can inhibit osteoclast formation; 
however, its role in bone metastasis of colorectal cancer (CRC) is still unknown. To investigate the effects of GPR84 
on bone metastasis of CRC, the murine CRC cell line MC‑38 was injected into tibial bone marrow. We found that the 
expression of GPR84 in BMMs was gradually downregulated during bone metastasis of CRC, and the activation of 
GPR84 significantly prevented osteoclastogenesis in the tumor microenvironment. Mechanistically, the MAPK path‑
way mediated the effects of GPR84 on osteoclast formation. Moreover, we found that IL‑11 at least partly inhibited 
the expression of GPR84 in the tumor microenvironment through the inactivation of STAT1. Additionally, activation of 
GPR84 could prevent osteolysis during bone metastasis of CRC. Our results suggest that CRC cells downregulate the 
expression of GPR84 in BMMs to promote osteoclastogenesis in an IL‑11‑dependent manner. Thus, GPR84 could be a 
potential therapeutic target to attenuate bone destruction induced by CRC metastasis.
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Introduction
Bone is one of the most frequent metastatic sites for 
advanced colorectal cancer (CRC) [1]. Bone metastasis 
often contributes to skeletal-related events (SREs) [2, 3]. 
Pathological fracture, pain and hypercalcemia are com-
monly observed in patients with cancer bone metastasis 
[2]. Importantly, bone metastasis not only impacts the 
quality of life of patients but also reduces their overall 
survival.

In most situations, the skeletal pathological changes 
after bone metastasis can be classified as osteolytic or 
osteoblastic [4, 5]. Interestingly, osteolysis can occur after 
bone metastasis of several cancers with high incidences, 
such as lung cancer, breast cancer (BC) or CRC [6, 7]. 
Treatment of bone metastasis could prevent disease pro-
gression and alleviate symptoms.

Bone is a dynamic tissue. Two dominant cell types, 
osteoblasts and osteoclasts (OCs), are responsible for 
bone remodeling and the maintenance of bone homeo-
stasis [8]. During cancer bone metastasis, osteoblasts or 
osteoclasts are aberrantly activated. The balance between 
bone formation and resorption is broken, leading to scle-
rosis or lysis [9]. In osteolytic metastasis, abnormally 
activated osteoclasts (OCs), as well as their precursors 
(OCPs), contribute to bone resorption [5]. Osteoclasts 
are large multinucleated cells derived from the mono-
cyte/macrophage lineage. Osteoclast differentiation 
often requires RANKL and M-CSF. In a nontumorigenic 
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environment, these factors can be derived from osteo-
blasts, osteocytes and immune cells [10]. However, can-
cer cells can produce abundant osteoclastogenic factors 
during bone metastasis to promote osteoclast forma-
tion and bone resorption in a RANKL-dependent or 
RANKL-independent manner [11]. A previous study 
demonstrated that targeting tumor cell-derived factors 
efficiently prevents osteoclast formation and could be a 
potential target for bone resorption in bone metastasis 
[11].

G protein-coupled receptors (GPRs) are a large group 
of membrane receptors that play critical roles in mediat-
ing cellular responses to external stimuli. GPRs can be 
stabilized by ligands or agonists to interact with a hetero-
trimeric G protein, thus mediating downstream signal-
ing activity. GPRs play a role in the interaction between 
cancer cells and other cells and regulate metastasis [12]. 
Several GPR family members have been reported to be 
involved in tumor metastasis [13–15]. In bone metas-
tasis, ovarian cancer GPR1 mediates communication 
between cancer cells and osteoblast-like cells [16]. In 
addition, GPR65 is downregulated in OCPs during bone 
metastasis of CRC by miR-7062-5p [17]. Moreover, 
GPR65/ADGRG1 is upregulated in 4T1 cells, a BC cell 
line, and in bone metastatic foci of patients with BC [18]. 
Interestingly, overexpression of GPR84 was reported to 
prevent osteoclast formation and bone resorption [19]. 
Notably, GPR84 is highly expressed in monocytes/mac-
rophages [20], which are the source of osteoclasts. How-
ever, the role of GPR84 in bone metastasis of CRC is still 
unclear.

Herein, we present that the expression of GPR84 in 
OCPs is downregulated in bone metastasis of CRC. Acti-
vation of GPR84 efficiently prevents osteoclast forma-
tion as well as bone resorption by targeting the MAPK 
pathway. Moreover, we identified that IL-11 derived from 
cancer cells at least partially inhibits the expression of 
GPR84 in OCPs by inactivating STAT1.

Materials and methods
Animal experiments
All animal experiments and procedures were approved 
by the Animal Care and Use Committee of General Hos-
pital of Western Theater. C57BL/6 wild-type mice (6–8 
wk old) were utilized for the in  vivo experiments. For 
bone metastasis studies, 1.0 ×  106 MC-38 cells were sus-
pended in PBS and injected into the tibias of anesthetized 
mice. To study responses to 6-OAU, mice were orally 
treated with 6-OAU (2 μM, Selleck) dissolved in PBS for 
one week. In some experiments, mouse tibial bone mar-
row was injected with 2 μg of recombinant mouse IL-11 
(BioLegend) once a week or 10  μg of IL-11 Nab (R&D) 
twice a week until harvest, while the control group was 

administered PBS. μCT analysis was performed at spe-
cific timepoints. After 3  weeks, the hindlimbs were 
removed and fixed in 10% neutral-buffered formalin for 
TRAP or immunohistochemical staining.

Cancer cell culture and conditioned medium collection
MC-38 cells were plated in Matrigel-coated tissue cul-
ture plates and cultured with growth medium (GM) 
containing RPMI 1640 supplemented with 10% FBS and 
1% penicillin‒streptomycin. The culture medium was 
changed every 2 d. Conditioned medium (CM) was made 
of RPMI. For collection, cancer cells were washed 3 times 
with PBS after reaching 80% confluence and cultured in 
CM for 24  h. The CM was collected and centrifuged to 
remove debris and cells.

Isolation of BMMs from mice and cell culture
Bone marrow was rinsed out from the tibias of the ani-
mals. The cells were cultured in α-minimal essential 
medium (MEM) containing 10% FBS and 1% penicil-
lin‒streptomycin with M-CSF (50 ng/ml) for 24 h. Then, 
suspended cells were collected and transferred into a new 
culture flask to culture for 24 h. The adherent cells were 
cultured in α-minimal essential medium (MEM) contain-
ing 10% FBS and 1% penicillin‒streptomycin with M-CSF 
(50 ng/ml). The culture medium was changed every three 
days.

Osteoclast differentiation and quantification
Following euthanasia, the long bones of the animals were 
isolated. Bone marrow was flushed with sterile PBS. Red 
blood cells (RBCs) were lysed using RBC lysis buffer 
(Solarbio). Equal cell numbers were cultured overnight 
in 50 ng/mL M-CSF (BioLegend) for 24 h to obtain bone 
marrow-derived monocytes/macrophages (BMMs). The 
suspension cells were cultured in α-Minimal Essential 
Medium (αMEM) containing 10% FBS and 1% penicil-
lin‒streptomycin solution with M-CSF (50  ng/mL) and 
RANKL (100 ng/mL). The CM treatments were 1:1 with 
αMEM with 10% FBS. To detect the effects of cytokines 
on the expression of GPR84 in BMMs, CTGF (50 ng/mL), 
IL-11 (10  ng/mL), PTHrP (100  nM) and EGF (10  ng/
mL) were added. For treatment with agonists, cells 
were seeded in 24-well plates and treated with 6-OAU 
(200 nM) for 6 h. To activate the MAPK pathway, 50 μM 
tert-butylhydroquinone (t-BHQ) or 10  μM anisomycin 
was added to the culture medium for 6 h. In some experi-
ments, cells were transfected with pCMV6-GPR84 for 
24 h. Then, osteoclast differentiation was carried out for 
two to four days, with the differentiation medium being 
replaced on day three. For tartrate-resistant acid phos-
phatase (TRAP) staining, cells were fixed in 4% para-
formaldehyde (PFA) for 30  min and then stained with 
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TRAP staining solution (Wako, Japan) according to the 
manufacturers’ instructions.

Proliferation assay
BMMs were cultured with M-CSF (50  ng/mL) and 
treated with 6-OAU (200 nM) for 6 h. Cells were labeled 
with BrdU (10 μM, BioLegend) for 2 h before sample col-
lection. The samples were fixed with 2% PFA and per-
meated with 1% Triton X-100 for 15 min at 37 °C. After 
washing with PBS three times, the samples were incu-
bated with anti-BrdU conjugated with FITC (BioLegend) 
for 30 min in the dark. BrdU incorporation was detected 
by a BD FACSVerse flow cytometer (BD Biosciences).

Flow cytometry analysis
BMMs from normal tibial bone marrow or bone mar-
row collected 10 days postinjection of cancer cells were 
incubated with rabbit anti-mouse GPR84 (Affinity) for 
30 min. Then, the samples were incubated with a second-
ary antibody conjugated with AF488 for another 30 min 
in the dark. The percentage of GPR84-positive BMMs 
was detected by a BD FACSVerse flow cytometer (BD 
Biosciences).

Quantitative real‑time PCR (qRT‒PCR)
To detect the mRNA expression of GPR84 in BMMs 
in  vivo, BMMs were isolated from tibial bone marrow 
at the indicated timepoints after the injection of cancer 
cells. To examine the cell cycle biomarkers and osteoclas-
togenic biomarkers, cells were treated and collected as 
described above.

Total RNA was extracted with TRIzol Reagent (Invit-
rogen). RNA (0.5  μg) was reverse transcribed using the 
PrimeScript RT reagent Kit (TakaraBio) according to the 
manufacturer’s instructions. Two microliters of cDNA 
were used to detect the level of mRNA using quantitative 
PCR with the SYBR Premix Ex TaqTMII Kit (TakaraBio). 
GAPDH was used as a control for normalization. The 
sequences of the primers were as follows:

GAPDH (forward: 5′-GCA TCT TCT TGT GCA GTG 
CC-3′ and reverse: 5′-TAC GGC CAA ATC CGT TCA 
CA-3′), Gpr84 (forward: 5′-AAC TGG GAA CCT CAG 
TCT CCA-3′ and reverse: 5′-GCC CAA CAC AGA CTC 
ATG GTA-3′), Cenpa (forward: 5′-AGC TCC AGT GTA 
GGC TCT CA-3′ and reverse: 5′-TGC TCT TCT GCA 
GGG TCT TG-3′), Cdc20 (forward: 5′-GTT CGG GTA 
GCA GAA CAC CA-3′ and reverse: 5′- CAG ATG TCG 
TCC ATC TGG GG-3′), Cdk1 (forward: 5′-ACT CGG CCT 
CTA AGC TCC T-3′ and reverse: 5′-AGG TTA CGA CGG 
ACC CTC TC-3′), Ccnd1 (forward: 5′-CAG CCC CAA 
CAA CTT CCT CT-3′ and reverse: 5′-CAG GGC CTT GAC 
CGGG-3′), Ctsk (forward: 5′-CTG GCT GGG GTT ATG 
TCT CAA-3′ and reverse: 5′-GGC TAC GTC CTT ACA 

CAC GAG-3′), and Oc-stamp (forward: 5′-ACT CAC AGT 
CAA ATA TGA CGCCT-3′ and reverse: 5′-GTA GAT GAC 
AGT CGT GGG GC-3′).

Western blot analysis
Cells were lysed on ice for 30 min using lysis buffer and 
protease inhibitor cocktail. Total proteins were collected 
and subjected to SDS‒PAGE before transfer to polyvi-
nylidene difluoride (PVDF) membranes. The membranes 
were blocked with 5% BSA. The samples were then incu-
bated with antibodies against GPR84 (Affinity), ERK (Cell 
Signaling Technology), p-ERK (Thr202/Tyr204) (Cell 
Signaling Technology), JNK (Cell Signaling Technology), 
p-JNK (Thr183/Tyr185) (Cell Signaling Technology), 
p38 MAPK (Cell Signaling Technology), p-p38 MAPK 
(Thr180/Tyr182) (Cell Signaling Technology), STAT1 
(Cell Signaling Technology), p-STAT1 (Tyr701) (Cell 
Signaling Technology), and β-actin (Affinity) followed by 
incubation with HRP-conjugated IgG (1:5000). The target 
proteins were visualized by the ChemiDoc XRS system 
(Bio-Rad).

Cytochemistry and immunohistochemistry (IHC)
BMMs were acquired as described above. After cell adhe-
sion, the samples were fixed with 4% PFA. After removing 
the fixative and washing extensively with PBS, the cells 
were permeabilized with 0.5% Triton X-100 for 15 min at 
37 °C and blocked with 0.5% BSA for 1 h. Samples were 
incubated with rabbit anti-mouse GPR84 (Affinity) at a 
concentration of 1:100 overnight. Then, donkey anti-rab-
bit IgG conjugated with Cy3 (Jackson ImmunoResearch) 
was used to label GPR84.

For TRAP staining, the hindlimbs of the mice were 
removed at the time of sacrifice, and the tibias were fixed 
in 4% PFA and decalcified in 10% EDTA for 3  weeks. 
Tissues were embedded in paraffin and sectioned at 
a thickness of 10  μm. Decalcified tibia sections were 
stained with TRAP (Wako) following the manufacturer’s 
instructions.

μCT analysis
For μCT analysis, a Bruker Skyscan 1174 X-ray microto-
mograph with an isotropic voxel size of 12.0 μm was used 
to image the tibias. Scans were conducted in 4% para-
formaldehyde, and an X-ray tube potential of 50 kV and 
an intensity of 800 μA were used. For trabecular bone 
analysis, a 0.6  mm region beginning 0.1  mm below the 
growth plate to the 0.6 mm distance was contoured. 3D 
images were obtained from contoured 2D images using 
N-Recon. All images presented are representative of the 
respective groups.
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Statistical analysis
All data are representative of at least three experiments. 
Data are expressed as the mean ± SD. Differences 
between the results of two groups were evaluated using 
two-tailed Student’s t test. One-way ANOVA followed by 
a post hoc Dunnett’s test was used to determine the sig-
nificance of the difference between the results from three 
or more groups. *p < 0.05, **p < 0.01 and ***p < 0.001 were 
regarded as significant.

Results
GPR84 is downregulated in OCPs after cancer bone 
metastasis
There are few studies on whether the expression of 
GPR84 in BMMs can be regulated by CRC cells. We first 
detected the mRNA levels of GPR84 in BMMs at each 
timepoint after injection of CRC cells into the tibial bone 
marrow. During bone metastasis of CRC, the expression 
of GPR84 was highest in normal BMMs, and then the 

expression level decreased gradually with the progression 
of cancer bone metastasis (Fig. 1A). Consistently, the pro-
tein level of GPR84 in BMMs also decreased (Fig. 1B and 
C). Immunofluorescence demonstrated that the expres-
sion of GPR84 in isolated BMMs from bone marrow in 
bone metastases of CRC at 7 DPI was significantly down-
regulated compared with that in normal bone marrow 
(Fig.  1D–E). These data suggested that both the mRNA 
and protein levels of GPR84 in BMMs are downregulated 
during bone metastasis of CRC from the early stage.

Overexpression of GPR84 directly inhibits osteoclast 
formation
To understand how GPR84 impacts BMMs in the tumor 
microenvironment, BMMs were sorted from normal 
bone marrow and cultured in the presence of M-CSF. 
Then, an agonist of GPR84, 6-OAU, was utilized to treat 
BMMs. Proliferation assays indicated that BrdU incorpo-
ration into BMMs treated with 6-OAU or vehicle showed 
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no significant difference (Fig. 2A). Similarly, when detect-
ing cell cycle biomarkers, qRT‒PCR analysis showed 
that the relative mRNA expression of Cenpa, Cdc20, 
Cdk1 and Ccnd1 was not significantly changed in the 
6-OAU-treated group compared with the control group 
(Fig. 2B). These findings demonstrated that GPR84 does 
not directly regulate the proliferative capacity of BMMs.

To test the direct effects of GPR84 on osteoclastogen-
esis in the tumor microenvironment, BMMs were treated 
with 6-OAU or transfected with GPR84-overexpressing 
plasmids in the presence of CM collected from MC-38 
cells as well as RANKL and M-CSF. The TRAP stain-
ing results suggested that BMMs treated with 6-OAU or 
transfected with GPR84-overexpressing plasmids showed 
significantly lower TRAP activity and fewer osteoclasts 

(Fig.  2C, D). The mRNA levels of two classic osteoclas-
togenic biomarkers, OCSTAMP and CTSK, were also 
markedly downregulated in the 6-OAU group and the 
GPR84-overexpressing plasmid group (Fig.  2E and F). 
These data indicated that GPR84 could directly inhibit 
osteoclastogenesis in the tumor microenvironment.

GPR84 prevents osteoclast formation by inhibiting MAPK 
pathways
To understand the underlying mechanism by which 
GPR84 inhibits osteoclastogenesis in the tumor micro-
environment, we detected several intracellular pathways 
associated with osteoclastogenesis that are regulated by 
GPR84. Interestingly, activation of the MAPK pathway in 
BMMs was inhibited after overexpressing GPR84 when 
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cultured in CM derived from MC-38 cells (Fig.  3A and 
B). In addition, activation of the ERK, JNK or p38 MAPK 
pathways using agonists efficiently reversed the inhibi-
tory effect of overexpressing GPR84 on osteoclast forma-
tion in the tumor microenvironment (Fig. 3C, D). These 
data indicated that GPR84 regulated osteoclastogenic dif-
ferentiation partly through MAPK pathways.

IL‑11 derived from cancer cells partially inhibits 
the expression of GPR84 in early OCPs
To investigate whether the expression of GPR84 can 
be directly regulated by cancer cells, BMMs were cul-
tured in CM from MC-38 cells for 48  h. The mRNA 

expression of GPR84 was significantly downregulated 
in CM-treated BMMs (Fig.  4A). Next, we explored 
which component(s) in CM could regulate the expres-
sion of GPR84. BMMs were stimulated by four common 
components secreted by cancer cells as reported by 
previous studies [11, 21], including EGF, IL-11, CTGF 
and PTHrP. qRT‒PCR analysis showed that only IL-11 
downregulated the expression of GPR84 in BMMs 
(Fig. 4B). Then, we investigated whether blocking IL-11 
in CM can regulate the expression of GPR84 in BMMs. 
Consistently, the expression of GPR84 was significantly 
downregulated after culture in CM. However, the addi-
tion of recombinant IL-11 to the CM enhanced the 
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effect of CM on the expression of GPR84. Interestingly, 
the effect of CM on the level of GPR84 was significantly 
reversed in the presence of IL-11 NAb (Fig. 4C), indi-
cating that blocking the endogenous IL-11 secreted by 
cancer cells could regulate the expression of GPR84. 
Next, we investigated whether GPR84 can also be regu-
lated by IL-11 in  vivo during cancer bone metastasis. 
IL-11 or IL-11 NAb were injected intraperitoneally in 
a bone metastasis model. The expression of GPR84 in 
BMMs isolated from bone marrow at 7 DPI was signifi-
cantly higher in the IL-11 NAb-treated group than in 
the control group and IL-11-treated group (Fig.  4D). 
These data indicated that IL-11 could regulate the 
expression of GPR84 both in vitro and in vivo.

To investigate whether GPR84 can inhibit osteoclas-
togenesis caused by IL-11 during cancer bone metasta-
sis, IL-11 was injected into bone marrow with or without 
6-OAU in bone metastasis models of BC. TRAP staining 
results showed that the number of osteoclasts increased 
after the administration of IL-11; however, activation of 
GPR84 using 6-OAU efficiently inhibited the effects of 
IL-11 on osteoclastogenesis (Fig.  4E, F). Together, these 
results indicated that activating GPR84 could prevent 
osteoclast formation in cancer bone metastasis.

STAT1 mediates the regulation of GPR84 by IL‑11
The STAT pathway was reported to be downstream of 
IL-11 [22]. Interestingly, STAT1 was predicted to be the 
transcription factor of GPR84. Thus, we investigated 
whether the activation of STAT1 in BMMs could be regu-
lated by CM or IL-11. BMMs were cultured in CM from 
MC-38 cells with or without administration of IL-11 or 
its NAb. The Western blot results indicated that phos-
phorylated STAT1 was upregulated in the CM-treated 
group, and the administration of IL-11 enhanced this 
effect. However, STAT1 activation was inhibited after 
treatment with the IL-11 NAb (Fig.  5A–C). Further-
more, we explored whether the protein level of GPR84 
in BMMs proceeded in an opposite manner to STAT1 
activation (Fig.  5A–C). These results demonstrated that 
STAT1 in BMMs can be activated in the tumor microen-
vironment as well as IL-11, and blockage of IL-11 could 
alleviate this effect.

To investigate whether STAT1 mediated the IL-11-me-
diated regulation of GPR84 expression, BMMs were 
transfected with plasmids overexpressing STAT1. The 
mRNA level of GPR84 was significantly decreased after 
culture in CM. Moreover, treatment with IL-11 further 
downregulated the expression of GPR84. However, trans-
fection with STAT1-overexpressing plasmids reversed 
this effect (Fig. 5D). These data indicated that IL-11 could 
regulate the expression of GPR84 by inactivating STAT1.

Activation of GPR84 restores bone volume during cancer 
bone metastasis
To explore whether GPR84 could be a potential thera-
peutic target for tumor-induced osteolysis, 6-OAU 
was administered to the bone marrow after injection of 
MC-38 cells. The TRAP staining results indicated that 
the number of osteoclasts was significantly decreased in 
6-OAU-treated mice compared to that in control mice 
(Fig.  6A and B). The μCT results further revealed that 
6-OAU significantly increased bone volume in week 
3 (Fig.  6C). In addition, quantitative analysis showed 
that the bone mineral density (BMD) and trabecular 
bone volume fraction (BV/TV) increased significantly 
in the 6-OAU-treated group compared with the control 
groups (Fig.  6D and E). Moreover, quantitative analysis 
of the trabecular and cortical bone of the proximal tibia 
showed that the trabecular thickness (Tb. Th) was signifi-
cantly increased in the 6-OAU-treated group compared 
with the control group. The trabecular number (Tb. N) 
also significantly increased in the 6-OAU-treated group 
compared with the control group (Fig. 6F and H). These 
data indicated that 6-OAU could prevent osteoclastogen-
esis and restore bone resorption caused by cancer bone 
metastasis.

Discussion
CRC is classified as an osteolytic tumor. After bone 
metastasis, osteoclasts or their progenitors are abnor-
mally activated to cause bone resorption. Several impor-
tant pathways, such as the MAPK, NF-κB, and PI3K/
AKT pathways, promote osteoclast formation. Dur-
ing this process, external stimuli are critical to com-
mit progenitors to osteoclastogenic fate through paired 
ligand receptors. It has been well established that secreta 
derived from cancer cells regulate monocyte/macrophage 
commitment to an osteoclastogenic fate. Many secreting 
factors, receptors or intracellular proteins are involved in 
this process, which consists of a complex regulatory net-
work. The most important signals come from the ligand 
and receptor pair RANKL/RANK; however, many other 
ligands/receptors are involved in amplifying or inhibit-
ing this signal. It was reported that CD137-CD137L can 
promote the migration and osteoclastogenesis of mono-
cytes/macrophages to facilitate the colonization and 
growth of cancer cells in bone [23]. TGF-β/TGFbr1 is 
required for the effects of cancer cells on NFATc1 nuclear 
accumulation and osteoclastogenesis [24]. CTGF/integ-
rin αvβ3 signaling is also positively associated with osteo-
clastogenesis in BC and prostate cancer bone metastasis 
[25]. GPRs are an important receptor family for the trans-
duction of external signals into cells. The function of 
GPR members in osteoclastogenesis is distinct. GPR4 
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overexpression in osteoblasts leads to the production of 
RANKL and promotes osteoclast formation in an acidic 
environment [26]. In contrast, GPR40/GPR120 inhibit 
osteoclastogenesis [27]. Similarly, the downregulation 
of GPR65 mediated by miR-7062-5p promotes osteo-
clast formation [17]. In this study, we found that GPR84 
also inhibited osteoclastogenesis in CRC bone metasta-
sis. In the natural progression of cancer bone metasta-
sis, the expression of GPR84 was downregulated in the 
tumor microenvironment; however, activation of GPR84 
through 6-OAU, a potent agonist, inhibited osteolysis. At 
a minimum, one important osteoclastogenesis-related 
pathway, i.e., the MAPK can be negatively regulated by 
GPR84, which is a conclusion that has been supported 
by another study [19]. The regulation of GPR84 by mul-
tiple pathways may explain the underlying reason for the 
potent inhibitory effect of GPR84 on osteoclastogenesis.

IL-11 was reported to be an important inflammatory 
cytokine for bone metastasis of cancer cells. For exam-
ple, miR-124 prevented BC bone metastasis by targeting 
IL-11 [28]. Moreover, IL-11 mediated bone metastasis 
by regulating the vicious osteolytic cycle of bone resorp-
tion and thus promoted tumor growth [29], implying 
that IL-11 may regulate osteoclast formation. Liang et al. 
reported that IL-11 facilitated osteoclastogenesis in a 
RANKL-independent manner by activating the STAT3 
pathway [11]. Herein, we found that GPR84 was a new 
target of IL-11 that stimulates osteoclast formation in 
the tumor microenvironment, providing a novel mecha-
nism in IL-11-mediated osteoclastogenesis. In addition, 
IL-11-STAT3 signaling was reported to be closely asso-
ciated with cancer metastasis [11, 30, 31]. However, we 
demonstrated that STAT1 is another downstream target 
of IL-11 in the regulation of cancer metastasis. STAT1 
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plays a distinct role with STAT3 in IL-11-mediated oste-
oclastogenesis in the tumor microenvironment. Other 
studies have found that STAT1 has an antitumor effect, 
as it can inhibit T-cell exhaustion and myeloid-derived 

suppressor cell accumulation in head and neck squa-
mous cell carcinoma [32]. The invasion and metastasis 
of gastric cancer can be promoted upon inactivation of 
IFNgamma/STAT1 signaling [33]. Moreover, STAT1 can 
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also inhibit angiogenesis in tumors [34]. In this study, we 
found that STAT1 can inhibit bone metastasis of CRC, 
providing new insight into the STAT1-mediated inhi-
bition of cancer metastasis. Similarly, a previous study 
reported that increased phosphorylation of STAT1 could 
inhibit OCSTAMP and DCSTAMP, two important oste-
oclast-associated genes [35], which supports our find-
ings. However, we also noticed that blockade of IL-11 
can only partially reverse the downregulated expression 
of GPR84 caused by cancer CM, implying that some 
other unknown components in CM inhibited the level of 
GPR84, which should be further investigated.

Abbreviations
CRC : Colorectal cancer; OC: Osteoclast; OCP: Osteoclast precursors; GPR: G 
protein‑coupled receptors; wk: Week; GM: Growth medium; CM: Condition 
medium; RBC: Red blood cells; BMM: Bone marrow‑derived monocytes/
macrophages; t‑BHQ: Tert‑butylhydroquinone; TRAP: Tartrate‑resistant acid 
phosphatase; DPI: Days post‑injection; BMD: Bone mineral density; BV/TV: 
Trabecular bone volume fraction; Tb. Th: Trabecular thickness; Tb. N: Trabecular 
number.

Acknowledgements
Not applicable.

Author contributions
LJ and LS‑w performed the experiments, LJ and JD interpreted data; ZW and 
WJ conceived the study, designed the experiments and wrote the manuscript. 
All authors read and approved the final manuscript.

Funding
The research reported was supported by Science & Technology Department 
of Sichuan Province Project (No. 2017JY0326), The Subject Construction 
Program of Chengdu Military General Specialty Center of Spine Surgery 
(No. 4241232D), The Innovation Talent Training Program of General Hospital 
of Western Theater Command (No. 2016KC11), The Medical and Engineer‑
ing Union Program of General Hospital of Western Theater Command (No. 
2016YGLH06).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article and its supplementary information files.

Declarations

Ethics approval and consent to participate
Ethical approval to conduct the study was obtained from The Institutional 
Animal Care and Use Committee at General Hospital of Western Theater 
Command.

Consent for publication
None.

Competing interests
The authors declare that they have no competing interests. The authors 
declare that this manuscript has not been submitted or is not simultaneously 
being submitted elsewhere, and that no portion of the data has been or 
will be published in proceedings or transactions of meetings or symposium 
volumes.

Author details
1 Department of Orthopedics, General Hospital of Western Theater Com‑
mand, Rongdu Avenue No. 270, Chengdu 610000, People’s Republic of China. 
2 Chengdu Medical College, Rongdu Avenue No. 601, Chengdu 610000, 
People’s Republic of China. 3 Department of Pharmacy, General Hospital 

of Western Theater Command, Rongdu Avenue No. 270, Chengdu 610000, 
People’s Republic of China. 

Received: 9 November 2022   Accepted: 22 December 2022

References
 1. Bonnelye E, Juarez P. Targeting bone metastasis in cancers. Cancers 

(Basel). 2021. https:// doi. org/ 10. 3390/ cance rs131 74490.
 2. Aielli F, Ponzetti M, Rucci N. Bone metastasis pain, from the bench to the 

bedside. Int J Mol Sci. 2019. https:// doi. org/ 10. 3390/ ijms2 00202 80.
 3. Pulido C, Vendrell I, Ferreira AR, et al. Bone metastasis risk factors in breast 

cancer. Ecancermedicalscience. 2017;11:715. https:// doi. org/ 10. 3332/ 
ecanc er. 2017. 715.

 4. MacDonald IJ, Tsai HC, Chang AC, et al. Melatonin inhibits osteoclas‑
togenesis and osteolytic bone metastasis: implications for osteoporosis. 
Int J Mol Sci. 2021. https:// doi. org/ 10. 3390/ ijms2 21794 35.

 5. Vicic I, Belev B. The pathogenesis of bone metastasis in solid tumors: a 
review. Croat Med J. 2021;62:270–82.

 6. Cheng X, Wei J, Ge Q, et al. The optimized drug delivery systems of treat‑
ing cancer bone metastatic osteolysis with nanomaterials. Drug Deliv. 
2021;28:37–53. https:// doi. org/ 10. 1080/ 10717 544. 2020. 18562 25.

 7. Chengling L, Yulin Z, Xiaoyu X, et al. miR‑325‑3p, a novel regula‑
tor of osteoclastogenesis in osteolysis of colorectal cancer through 
targeting S100A4. Mol Med. 2021;27:23. https:// doi. org/ 10. 1186/ 
s10020‑ 021‑ 00282‑7.

 8. Chen X, Wang Z, Duan N, et al. Osteoblast‑osteoclast interactions. Con‑
nect Tissue Res. 2018;59:99–107. https:// doi. org/ 10. 1080/ 03008 207. 2017. 
12900 85.

 9. Johnson RW, Suva LJ. Hallmarks of bone metastasis. Calcif Tissue Int. 
2018;102:141–51. https:// doi. org/ 10. 1007/ s00223‑ 017‑ 0362‑4.

 10. Kodama J, Kaito T. Osteoclast multinucleation: review of current literature. 
Int J Mol Sci. 2020. https:// doi. org/ 10. 3390/ ijms2 11656 85.

 11. Liang M, Ma Q, Ding N, et al. IL‑11 is essential in promoting osteolysis 
in breast cancer bone metastasis via RANKL‑independent activation of 
osteoclastogenesis. Cell Death Dis. 2019;10:353. https:// doi. org/ 10. 1038/ 
s41419‑ 019‑ 1594‑1.

 12. Liu N, Wang Y, Li T, et al. G‑protein coupled receptors (GPCRs): signal‑
ing pathways, characterization, and functions in insect physiology and 
toxicology. Int J Mol Sci. 2021. https:// doi. org/ 10. 3390/ ijms2 21052 60.

 13. Tang X, Jin R, Qu G, et al. GPR116, an adhesion G‑protein‑coupled recep‑
tor, promotes breast cancer metastasis via the Galphaq‑p63RhoGEF‑Rho 
GTPase pathway. Cancer Res. 2013;73:6206–18. https:// doi. org/ 10. 1158/ 
0008‑ 5472. CAN‑ 13‑ 1049.

 14. Majumder M, Nandi P, Omar A, et al. EP4 as a therapeutic target for 
aggressive human breast cancer. Int J Mol Sci. 2018. https:// doi. org/ 10. 
3390/ ijms1 90410 19.

 15. Rong YM, Huang XM, Fan DJ, et al. Overexpression of G protein‑coupled 
receptor 31 as a poor prognosticator in human colorectal cancer. World 
J Gastroenterol. 2018;24:4679–90. https:// doi. org/ 10. 3748/ wjg. v24. i41. 
4679.

 16. Wang J, Sun Y, Tomura H, et al. Ovarian cancer G‑protein‑coupled recep‑
tor 1 induces the expression of the pain mediator prostaglandin E2 in 
response to an acidic extracellular environment in human osteoblast‑like 
cells. Int J Biochem Cell Biol. 2012;44:1937–41. https:// doi. org/ 10. 1016/j. 
biocel. 2012. 07. 015.

 17. Chen L, Wang Y, Lu X, et al. miRNA‑7062–5p promoting bone resorption 
after bone metastasis of colorectal cancer through inhibiting GPR65. 
Front Cell Dev Biol. 2021;9:681968. https:// doi. org/ 10. 3389/ fcell. 2021. 
681968.

 18. Sasaki SI, Zhang D, Iwabuchi S, et al. Crucial contribution of GPR56/
ADGRG1, expressed by breast cancer cells, to bone metastasis formation. 
Cancer Sci. 2021. https:// doi. org/ 10. 1111/ cas. 15150.

 19. Park JW, Yoon HJ, Kang WY, et al. G protein‑coupled receptor 84 controls 
osteoclastogenesis through inhibition of NF‑kappaB and MAPK signaling 
pathways. J Cell Physiol. 2018;233:1481–9. https:// doi. org/ 10. 1002/ jcp. 
26035.

https://doi.org/10.3390/cancers13174490
https://doi.org/10.3390/ijms20020280
https://doi.org/10.3332/ecancer.2017.715
https://doi.org/10.3332/ecancer.2017.715
https://doi.org/10.3390/ijms22179435
https://doi.org/10.1080/10717544.2020.1856225
https://doi.org/10.1186/s10020-021-00282-7
https://doi.org/10.1186/s10020-021-00282-7
https://doi.org/10.1080/03008207.2017.1290085
https://doi.org/10.1080/03008207.2017.1290085
https://doi.org/10.1007/s00223-017-0362-4
https://doi.org/10.3390/ijms21165685
https://doi.org/10.1038/s41419-019-1594-1
https://doi.org/10.1038/s41419-019-1594-1
https://doi.org/10.3390/ijms22105260
https://doi.org/10.1158/0008-5472.CAN-13-1049
https://doi.org/10.1158/0008-5472.CAN-13-1049
https://doi.org/10.3390/ijms19041019
https://doi.org/10.3390/ijms19041019
https://doi.org/10.3748/wjg.v24.i41.4679
https://doi.org/10.3748/wjg.v24.i41.4679
https://doi.org/10.1016/j.biocel.2012.07.015
https://doi.org/10.1016/j.biocel.2012.07.015
https://doi.org/10.3389/fcell.2021.681968
https://doi.org/10.3389/fcell.2021.681968
https://doi.org/10.1111/cas.15150
https://doi.org/10.1002/jcp.26035
https://doi.org/10.1002/jcp.26035


Page 12 of 12Jian et al. Journal of Orthopaedic Surgery and Research            (2023) 18:3 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

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

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

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

 20. Yonezawa T, Kurata R, Yoshida K, et al. Free fatty acids‑sensing G protein‑
coupled receptors in drug targeting and therapeutics. Curr Med Chem. 
2013;20:3855–71. https:// doi. org/ 10. 2174/ 09298 67311 32099 90168.

 21. Zi‑Chen G, Jin Q, Yi‑Na Z, et al. Colorectal cancer cells promote osteo‑
clastogenesis and bone destruction through regulating EGF/ERK/CCL3 
pathway. 2020. Biosci Rep. https:// doi. org/ 10. 1042/ BSR20 201175.

 22. Miyawaki A, Iizuka Y, Sugino H, et al. IL‑11 prevents IFN‑gamma‑induced 
hepatocyte death through selective downregulation of IFN‑gamma/
STAT1 signaling and ROS scavenging. PLoS ONE. 2019;14:e0211123. 
https:// doi. org/ 10. 1371/ journ al. pone. 02111 23.

 23. Jiang P, Gao W, Ma T, et al. CD137 promotes bone metastasis of breast 
cancer by enhancing the migration and osteoclast differentiation of 
monocytes/macrophages. Theranostics. 2019;9:2950–66. https:// doi. org/ 
10. 7150/ thno. 29617.

 24. Guo Y, Tiedemann K, Khalil JA, et al. Osteoclast precursors acquire 
sensitivity to breast cancer derived factors early in differentiation. Bone. 
2008;43:386–93. https:// doi. org/ 10. 1016/j. bone. 2008. 03. 026.

 25. Kim B, Kim H, Jung S, et al. A CTGF‑RUNX2‑RANKL axis in breast and 
prostate cancer cells promotes tumor progression in bone. J Bone Miner 
Res. 2020;35:155–66. https:// doi. org/ 10. 1002/ jbmr. 3869.

 26. Okito A, Nakahama K, Akiyama M, et al. Involvement of the G‑protein‑
coupled receptor 4 in RANKL expression by osteoblasts in an acidic 
environment. Biochem Biophys Res Commun. 2015;458:435–40. https:// 
doi. org/ 10. 1016/j. bbrc. 2015. 01. 142.

 27. Cornish J, MacGibbon A, Lin JM, et al. Modulation of osteoclastogenesis 
by fatty acids. Endocrinology. 2008;149:5688–95. https:// doi. org/ 10. 1210/ 
en. 2008‑ 0111.

 28. Cai WL, Huang WD, Li B, et al. microRNA‑124 inhibits bone metastasis of 
breast cancer by repressing Interleukin‑11. Mol Cancer. 2018;17:9. https:// 
doi. org/ 10. 1186/ s12943‑ 017‑ 0746‑0.

 29. Maroni P, Bendinelli P, Ferraretto A, et al. Interleukin 11 (IL‑11): ROLE(s) in 
Breast Cancer Bone Metastases. Biomedicines. 2021. https:// doi. org/ 10. 
3390/ biome dicin es906 0659.

 30. Chen Z, Chen X, Xie R, et al. DANCR promotes metastasis and prolifera‑
tion in bladder cancer cells by enhancing IL‑11‑STAT3 signaling and 
CCND1 expression. Mol Ther. 2019;27:326–41. https:// doi. org/ 10. 1016/j. 
ymthe. 2018. 12. 015.

 31. Ren L, Wang X, Dong Z, et al. Bone metastasis from breast cancer involves 
elevated IL‑11 expression and the gp130/STAT3 pathway. Med Oncol. 
2013;30:634. https:// doi. org/ 10. 1007/ s12032‑ 013‑ 0634‑4.

 32. Ryan N, Anderson K, Volpedo G, et al. STAT1 inhibits T‑cell exhaustion and 
myeloid derived suppressor cell accumulation to promote antitumor 
immune responses in head and neck squamous cell carcinoma. Int J 
Cancer. 2020;146:1717–29. https:// doi. org/ 10. 1002/ ijc. 32781.

 33. Jiang L, Liu JY, Shi Y, et al. MTMR2 promotes invasion and metastasis of 
gastric cancer via inactivating IFNgamma/STAT1 signaling. J Exp Clin 
Cancer Res. 2019;38:206. https:// doi. org/ 10. 1186/ s13046‑ 019‑ 1186‑z.

 34. Huang S, Bucana CD, Van Arsdall M, et al. Stat1 negatively regulates 
angiogenesis, tumorigenicity and metastasis of tumor cells. Oncogene. 
2002;21:2504–12. https:// doi. org/ 10. 1038/ sj. onc. 12053 41.

 35. Takagi T, Inoue H, Takahashi N, et al. Sulforaphane inhibits osteoclast dif‑
ferentiation by suppressing the cell‑cell fusion molecules DC‑STAMP and 
OC‑STAMP. Biochem Biophys Res Commun. 2017;483:718–24. https:// doi. 
org/ 10. 1016/j. bbrc. 2016. 12. 075.

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

https://doi.org/10.2174/09298673113209990168
https://doi.org/10.1042/BSR20201175
https://doi.org/10.1371/journal.pone.0211123
https://doi.org/10.7150/thno.29617
https://doi.org/10.7150/thno.29617
https://doi.org/10.1016/j.bone.2008.03.026
https://doi.org/10.1002/jbmr.3869
https://doi.org/10.1016/j.bbrc.2015.01.142
https://doi.org/10.1016/j.bbrc.2015.01.142
https://doi.org/10.1210/en.2008-0111
https://doi.org/10.1210/en.2008-0111
https://doi.org/10.1186/s12943-017-0746-0
https://doi.org/10.1186/s12943-017-0746-0
https://doi.org/10.3390/biomedicines9060659
https://doi.org/10.3390/biomedicines9060659
https://doi.org/10.1016/j.ymthe.2018.12.015
https://doi.org/10.1016/j.ymthe.2018.12.015
https://doi.org/10.1007/s12032-013-0634-4
https://doi.org/10.1002/ijc.32781
https://doi.org/10.1186/s13046-019-1186-z
https://doi.org/10.1038/sj.onc.1205341
https://doi.org/10.1016/j.bbrc.2016.12.075
https://doi.org/10.1016/j.bbrc.2016.12.075

	GPR84 potently inhibits osteoclastogenesis and alleviates osteolysis in bone metastasis of colorectal cancer
	Abstract 
	Introduction
	Materials and methods
	Animal experiments
	Cancer cell culture and conditioned medium collection
	Isolation of BMMs from mice and cell culture
	Osteoclast differentiation and quantification
	Proliferation assay
	Flow cytometry analysis
	Quantitative real-time PCR (qRT‒PCR)
	Western blot analysis
	Cytochemistry and immunohistochemistry (IHC)
	μCT analysis
	Statistical analysis

	Results
	GPR84 is downregulated in OCPs after cancer bone metastasis
	Overexpression of GPR84 directly inhibits osteoclast formation
	GPR84 prevents osteoclast formation by inhibiting MAPK pathways
	IL-11 derived from cancer cells partially inhibits the expression of GPR84 in early OCPs
	STAT1 mediates the regulation of GPR84 by IL-11
	Activation of GPR84 restores bone volume during cancer bone metastasis

	Discussion
	Acknowledgements
	References


