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Introduction
Accumulating evidence demonstrates that target organs of can-
cer metastasis are not just the passive receivers of disseminated 
tumor cells, but instead are selectively and positively groomed 
by the primary tumor before cancer cells have spread beyond 
the initial site (1). The microenvironment in target organs creat-
ed by a primary tumor for subsequent metastases is called the 
premetastatic niche. Several cell types have been verified for 
their contribution to premetastatic niche formation. Besides vas-
cular cells and cancer-associated fibroblasts, most premetastatic 
niche component cells are immune cells (2). Although a number 

Therapeutics targeting osteoclasts are commonly used treatments for bone metastasis; however, whether and how 
osteoclasts regulate premetastatic niche and bone tropism are largely unknown. In this study, we report that osteoclast 
precursors (OPs) can function as a premetastatic niche component that facilitates breast cancer (BCa) bone metastasis 
at early stages. At the molecular level, unbiased GPCR ligand/agonist screening in BCa cells suggested that R-spondin 
2 (RSPO2) and RANKL, through interaction with their receptor LGR4, promoted osteoclastic premetastatic niche 
formation and enhanced BCa bone metastasis. This was achieved by RSPO2/RANKL-LGR4 signal modulating the WNT 
inhibitor DKK1 through Gαq and β-catenin signaling. DKK1 directly facilitated OP recruitment through suppression 
of its receptor LDL receptor–related protein 5 (LRP5) but not LRP6, upregulating Rnasek expression via inhibition of 
canonical WNT signaling. In clinical samples, RSPO2, LGR4, and DKK1 expression showed a positive correlation with BCa 
bone metastasis. Furthermore, soluble LGR4 extracellular domain (ECD) protein, acting as a decoy receptor for RSPO2 
and RANKL, significantly alleviated bone metastasis and osteolytic lesions in a mouse bone metastasis model. These 
findings provide unique insights into the functional role of OPs as key components of the premetastatic niche for BCa 
bone metastasis and identify RSPO2/RANKL-LGR4 signaling as a promising target for inhibiting BCa bone metastasis.
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of cellular and molecular components have been identified as 
being involved in premetastatic niche formation in different can-
cer types and different target organs, the key cells of the premet-
astatic niche for bone metastasis are largely unknown.

Bone is the metastatic site most commonly targeted by 
breast cancer (BCa), and bone metastases occur in 75% of meta-
static BCa patients (3, 4). In osteolytic BCa bone metastasis, the 
role of osteoclasts and induction of osteoclastogenesis has been 
described (5, 6). Development of bone metastases occurs via a 
“vicious cycle” in which osteoclast-modulated bone resorption 
releases growth factors stored in bone tissue. These growth fac-
tors in turn stimulate metastatic cancer cell survival and growth 
(5). During osteoclast-modulated bone resorption, it has been 
well established that RANKL, the ligand for the receptor RANK, 
and macrophage colony-stimulating factor 1 (CSF-1, also known 
as M-CSF), the ligand for the receptor CSF1R (CD115), are the 
2 critical growth factors for osteoclast differentiation and func-
tion (5). Therefore, osteoclast-targeting therapy is extensively 
used for osteolytic bone metastasis in the clinic, including deno-
sumab, a RANKL antibody that blocks osteoclast differentiation 
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In this study, R-spondin 2 (RSPO2) and RANKL were iden-
tified as critical factors secreted by BCa cells for recruiting OPs 
and promoting osteoclastic premetastatic niche formation. 
RSPO2 and RANKL interacted with their receptor LGR4 to 
modulate the expression of DKK1 through Gαq and WNT/β-cat-
enin signaling in BCa cells. DKK1 overexpression in BCa cells 
rescued the inhibitory effect of knocking down LGR4 on osteo-
clastic premetastatic niche formation. In OPs, DKK1 function-
ally interacted with LDL receptor–related protein 5 (LRP5) but 
not LRP6 and regulated the expression of Rnasek via canonical 
WNT signaling for OP recruitment. Moreover, a positive correla-
tion between LGR4 and DKK1, RSPO2 and DKK1, and RANKL 
and DKK1 expression was found in BCa bone metastasis patient 
samples. Finally, targeting LGR4 significantly alleviated bone 
metastasis burden, and ameliorated osteolytic bone lesions in a 
mouse bone metastasis model.

Results
RSPO2 and RANKL promote osteoclastic premetastatic niche 
formation and facilitate bone metastasis. To initially evaluate 
whether factors secreted by BCa cells prepare bone tissues for 

and resorption, and bisphosphonate, a potent small-molecule 
inhibitor of osteoclast-mediated bone resorption (7, 8). How-
ever, the factors involved in initial bone metastasis formation, 
and the mechanism by which the primary tumor grooms the 
premetastatic niche, remain unclear. It has been reported that 
estrogen receptor–negative BCa cells secreted lysyl oxidase, 
which disrupts normal bone homeostasis and promotes the 
formation of focal premetastatic lesions by inducing osteoclast 
differentiation and inhibiting osteoblast proliferation (9). All of 
these suggest a potential role for osteoclasts in lesion formation. 
However, whether and how osteoclast precursors (OPs) can be 
recruited to act as a key premetastatic niche component to regu-
late BCa bone metastasis at early stages are unknown.

In addition to its role in regulating osteoclast differentiation 
and function, RANKL-RANK signaling plays an important role in 
cancer cell bone metastasis (10, 11). RANKL secreted by BCa cells 
promotes their own growth and eventual metastasis to the bone, 
where BCa-secreted RANKL also induces osteoclast activation 
and bone resorption, driving the vicious cycle described above 
(12, 13). However, whether RANKL signaling plays a role in pre-
paring bone tissue to receive metastases is still unclear.

Figure 1. RSPO2 or RANKL promoted OP recruitment by BCa cells. (A) Experimental design to screen which GPCRs could recruit OP cells. MDA231 
cells were stimulated by 86 GPCR ligands or agonists for 24 hours. Transwell inserts seeded with OP cells (RAW264.7 cells) were then placed in each 
well. After 16 hours, the migrated RAW264.7 cells were fixed, stained, and counted. Three GPCR ligands (7α,25-OHC, RSPO2, and RANKL) signifi-
cantly enhanced OP migration using the Transwell migration assay (greater than or equal to 2-fold compared with control [Ctrl]). Every GPCR ligand 
or agonist was tested in 2 technical replicates. CM, conditioned medium. (B) Representative images of primary cultured OPs subjected to the Tran-
swell migration assay (top chamber). (C and D) MDA231 cells generated conditioned medium following treatment by RSPO2 or RANKL for 24 hours 
(bottom chamber), with quantification of the number of migrated cells. Data indicate the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.01 by 1-way 
ANOVA followed by Dunnett’s post hoc test. n = 3 biological replicates. Scale bars: 20 μm.
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Figure 2. RSPO2 or RANKL promoted osteoclastic premetastatic niche formation by BCa cells. (A) Experimental design of the in vivo premetastatic 
niche mouse model. 4T1 cells were treated with RSPO2 or RANKL; then conditioned medium was collected and injected i.p. into BALB/c mice every day 
for 21 days of pretreatment. Then mice were either euthanized and bones harvested (tumor-free mice), or 4T1-LUC cells were injected i.c. into the mice 
(day 0). Seventeen days after i.c. injection, the mice (tumor-bearing mice) were sacrificed and bones analyzed. (B and C) Representative images of immu-
nofluorescence (IF) double staining for RANK (green) and CD115 (red) and TRAP staining in the third lumbar vertebrae (L3 spine) of tumor-free mice (B) 
and quantitative analysis (C). White arrows indicate cells double-positive for RANK and CD115. Data indicate the mean ± SD. *P < 0.05, **P < 0.01, 1-way 
ANOVA followed by Dunnett’s post hoc test. n = 5 per group. Scale bars: 10 μm/5 μm (left/right, IF), 50 μm (TRAP). N.Oc/B.Pm, osteoclast number/bone 
perimeter; Oc.S/BS, osteoclast surface/bone surface; ES/BS, eroded surface/bone surface. (D–G) Representative images of bioluminescent, radiograph-
ic, H&E, TRAP, and IF double staining for RANK (green) and CD115 (red) in the tibiae of tumor-bearing mice (D) and quantitative analysis (E–G). Yellow 
arrows indicate osteolytic lesions; red dotted lines indicate tumor zone; white arrows indicate cells double-positive for RANK and CD115. Data indicate 
the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, (E) 2-way ANOVA, (F) 1-way ANOVA followed by Dunnett’s post hoc test, (G) log-rank test. Ctrl, n = 6; 
RSPO2, n = 5; RANKL, n = 8. Scale bars: 1 mm (micro-CT), 100 μm (TRAP), 25 μm (H&E), 10 μm/5 μm (left/right, IF). T, tumor; B, bone.
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that only RSPO2 and RANKL mimicked premetastatic niche 
formation in vitro. Furthermore, conditioned medium from 4 
different BCa cell lines (MDA231, MCF-7, AT3, and 4T1) stim-
ulated with RSPO2 and RANKL induced recruitment of prima-
ry cultured OPs (Figure 1, B–D, and Supplemental Figure 3B). 
Moreover, only RSPO2 and RANKL had this effect among LGR 
ligands including RSPO1–4, NORRIN, and RANKL (Supple-
mental Figure 3C).

It is well established that RANKL is a key cytokine affect-
ing the immune system, including T cells, B cells, and macro-
phages (14–16), and it has been reported that RSPO signaling 
promotes macrophage polarization in the tumor microenviron-
ment (17). To systematically evaluate the role of RSPO2 and 
RANKL in the premetastatic niche, we used immunocompetent 
mice with the mouse mammary cancer cell line 4T1 (Figure 
2A). After 4T1 cells were stimulated by RSPO2 or RANKL, the 
conditioned medium was collected and then injected i.p. into 
mice every day. After 21 days, OP number and osteoclast num-
ber and activity were increased in both the group treated with 
RSPO2-stimulated conditioned medium and the group treat-
ed with RANKL-stimulated conditioned medium (tumor-free 
mice) (Figure 2, B and C). To determine whether the osteoclas-
tic premetastatic niche facilitated tumor cell bone metastasis, 
we injected LUC-expressing 4T1 cells i.c. into all groups of 
mice at day 21. Mice pretreated with RSPO2- or RANKL-stim-
ulated conditioned medium had a dramatic increase in bone 
metastatic burden as determined by bioluminescent imaging 
(Figure 2, D and E), aggravated osteolytic bone lesions (Fig-
ure 2, D and F), and an earlier onset of bone metastasis (Figure 
2G). Consistent with these results, OP number and osteoclast 
number were increased in the groups pretreated with RSPO2- 
or RANKL-stimulated conditioned medium (Figure 2, D and 
F). Furthermore, RSPO2- or RANKL-stimulated conditioned 
medium had no significant effect on BCa cell metastasis to 
lung, kidney, and brain (Supplemental Figure 3D). Together, 
these results demonstrated that RSPO2 and RANKL promot-
ed osteoclastic premetastatic niche formation and ultimately 
enhanced BCa bone metastasis.

LGR4 regulates osteoclastic premetastatic niche formation 
and bone metastasis. LGR4, LGR5, and LGR6 are receptors for 
RSPO2 (18), while RANK and LGR4 are receptors for RANKL 
(19, 20). We next asked which receptor(s) of RSPO2 and 
RANKL are involved in regulating premetastatic niche forma-
tion. We first examined the clinical significance of each recep-
tor (LGR4/5/6) of RSPO2 in human BCa bone metastasis in a 
previously published data set (21). Because there is no signal  
of LGR6 in this data set and the expression of LGR6 is extreme-
ly low in BCa cell lines (22), we only analyzed the relationship  
of LGR4 and LGR5 to Kaplan-Meier bone metastasis–free 
survival of BCa patients. Our results indicated that only  
high expression of LGR4, but not LGR5, was significantly asso-
ciated with the incidence of bone metastasis (Figure 3A and 
Supplemental Figure 4A). Then, we asked which RANKL recep-
tor, LGR4 or RANK, was responsible for OP recruitment. Our 
data showed that knockdown of LGR4, but not RANK, in cancer 
cells dramatically decreased the RANKL-induced recruitment 
of primary cultured OPs (Supplemental Figure 4, B and C). 

metastatic colonization, we collected the conditioned medi-
um of MDA-MB-231 (MDA231) BCa cells, and injected it i.p. 
into mice every day for 2, 3, or 4 weeks (Supplemental Figure 
1A; supplemental material available online with this article; 
https://doi.org/10.1172/JCI144579DS1). The results showed 
that the number of cells positive for both RANK and CD115 (OP 
markers), and osteoclast number and activity (determined as 
osteoclast surface area and eroded surface), were increased in 
a time-dependent manner (Supplemental Figure 1, B and C). 
These data suggested that the conditioned medium of BCa cells 
could recruit OPs and enhance osteoclast number and activity 
in tumor-free mice. Because there was no significant difference 
between 3 weeks and 4 weeks, we chose the 3-week time point 
for subsequent studies.

Our data showed that i.p. injection of conditioned medium 
significantly stimulated OPs in trabecular rich regions in tibiae 
and spines of conditioned medium–stimulated mice, compared 
with control medium–stimulated mice (Supplemental Figure 1, 
D and E), while negligible numbers of OPs were found in pel-
vic bones and the skull (Supplemental Figure 1, F and G). Next, 
we stained osteoclasts by tartrate-resistant acid phosphatase 
(TRAP) staining in these bones. Our data showed that osteo-
clast number and activity were increased in both tibiae and 
spine bones, but not in pelvic or skull bones, in comparison with 
control medium (Supplemental Figure 1, D–G). To determine 
whether the osteoclastic premetastatic niche facilitated tumor 
cell bone metastasis, we used in vitro and in vivo experiments. 
The in vitro assay showed that the BCa cells could be attracted 
by OPs in a concentration-dependent manner (Supplemental 
Figure 2A). Consistently, 3 weeks of pretreatment with condi-
tioned medium, prior to intracardiac (i.c.) injection of lucifer-
ase-expressing (LUC-expressing) MDA231 bone-tropic subline 
SCP46 cells, accelerated the onset of bone metastasis, promot-
ed metastatic burden and osteolytic bone lesions, and increased 
OP and osteoclast number in tibiae and spines in comparison 
with control medium–injected mice (Supplemental Figure 2, 
B–G). However, the pelvis and skull had fewer OPs and few 
cancer cells (Supplemental Figure 2, H–K). Moreover, the num-
ber of cancer cells (stained positive for human vimentin) was 
significantly associated with the number of OPs/osteoclasts 
(stained positive for RANK) in the bone (Supplemental Figure 
2L). All our results indicated that the osteoclastic premetastatic 
niche facilitates bone metastasis.

To identify potential upstream regulators involved in osteo-
clastic premetastatic niche formation, we performed an unbi-
ased GPCR ligand/agonist screen using an in vitro OP recruit-
ment model (Figure 1A). Specifically, MDA231 cells were 
stimulated with 86 GPCR ligands/agonists for 24 hours, which 
correspond to 85 GPCR receptors (Supplemental Table 1), and 
the conditioned medium was collected for testing the recruit-
ment of OP RAW264.7 cells. We found that conditioned medi-
um from 3 treatment groups (RSPO2, ligand for LGR4/5/6; 
RANKL, ligand for LGR4 and RANK; 7α,25-OHC, ligand for 
GPR183) induced OP recruitment greater than or equal to 
2-fold higher than control. However, 7α,25-OHC alone but not 
RSPO2 and RANKL could directly recruit OPs independent 
of BCa cell stimulation (Supplemental Figure 3A), suggesting 
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Therefore, we focused on the overlapping receptor LGR4 for 
the following study.

Our IHC staining results confirmed that the expression lev-
el of LGR4 was significantly higher in human bone metastatic 
tumor samples (n = 27) compared with primary breast tumor 
samples (n = 73; Figure 3B). Furthermore, the expression level of 
LGR4 was correlated with bone metastatic capability in a series 
of extensively used MDA231 human BCa bone-tropic sublines 
(13 sublines) with distinct bone-metastasis abilities (refs. 23, 24; 
Figure 3C; and Supplemental Table 2). Silencing the expression 
of LGR4 in two BCa cell lines (MDA231 and BT549), or using 
Lgr4-heterozygous (Lgr4+/−) primary cultured mouse PyMT BCa 
cells, resulted in conditioned medium with strikingly reduced 
OP recruitment (Supplemental Figure 4, D and E). Moreover, 
re-expression of LGR4 in the same cancer cells (MDA231  
and BT549) restored OP recruitment (Supplemental Figure  
4D). Furthermore, conditioned medium from MCF-7 cells over-
expressing LGR4 remarkably enhanced OP recruitment (Sup-
plemental Figure 4F).

We next collected the conditioned medium of LGR4-knock-
down SCP46 cells, a highly efficient bone tropism cell line with 
the highest LGR4 expression level (Figure 3C), and injected it 
i.p. into the in vivo premetastatic niche mouse model every day 
for 3 weeks (Figure 3D). After 21 days, the bones of the tumor-
free mice were sectioned and analyzed. Our data showed that 
OP number and osteoclast number and activity were decreased 
in the LGR4-knockdown group (Figure 3, E and F). To examine 
whether the LGR4 knockdown–induced change to the osteo-
clastic premetastatic niche would result in inhibition of BCa cell 
bone metastasis, we performed i.c. injection of LUC-expressing 
SCP46 cells into all groups of mice at day 21. As expected, LGR4 
knockdown strikingly inhibited metastatic burden in the spines, 

protected against osteolytic bone lesions, and delayed the onset 
of bone metastasis (Figure 3, G–J). These results demonstrated 
that the RSPO2 and RANKL receptor LGR4 is a key regulator 
of formation of the osteoclastic premetastatic niche and subse-
quent bone metastasis.

DKK1 is the downstream target of LGR4 that regulates osteo-
clastic premetastatic niche formation and bone metastasis. Next, 
we asked which secreted factor modulated by RSPO2/RANKL-
LGR4 signaling regulates osteoclastic premetastatic niche 
formation. We identified 2090 human secreted proteins from 
the UniProt database by bioinformatic analysis (Supplemental 
Table 3 and Supplemental Methods). It is well established that 
RSPO-LGR4 signals through the WNT pathway, with 66 con-
firmed WNT target genes identified in a colon cancer study 
(25). Overlapping these 2 sets of genes, we found 14 genes that 
encode secreted proteins regulated by WNT/β-catenin signal-
ing (Figure 4A). We next compared the expression of these 
14 genes in LGR4-knockdown SCP46 cells and found that the 
DKK1 transcript level was one of the most highly changed (Sup-
plemental Table 4). Proteomic profiling of proteins in condi-
tioned medium from LGR4 WT and knockout MDA-MB-468 
(MDA468) BCa cells showed that, of the 14 proteins, DKK1 had 
the highest change in level (Supplemental Table 5). Regulation 
of DKK1 expression was further confirmed in LGR4-silenced 
MDA231, MDA468, BT549, and SCP46 cells using reverse 
transcriptase PCR (RT-PCR) or quantitative RT-PCR (Supple-
mental Figure 5, A and B). Furthermore, DKK1 expression was 
significantly higher in human bone metastatic tumor samples 
(n = 27) compared with primary breast tumor samples (n = 73) 
by IHC staining (Figure 4B). In contrast, there was no signif-
icant difference in the expression of DKK1 in human lymph 
node metastatic tumor samples (n = 50) compared with pri-
mary BCa samples (n = 50; Supplemental Figure 5C). We also 
found a positive correlation between LGR4 (Figure 3B) and 
DKK1 (Figure 4B) expression in our bone metastatic samples (n 
= 27, P < 0.0001; Figure 4C). A similar correlation was present 
between the mRNA levels of DKK1 and LGR4 in the previously 
mentioned 13 MDA231 cell sublines (Supplemental Figure 5D 
and Supplemental Table 2), and 8 distinct human BCa cell lines 
(Supplemental Figure 5E and Supplemental Table 6).

Our data also showed that DKK1 treatment directly led to 
OP recruitment in a dose-dependent manner in both primary 
cultured OPs (Figure 4D) and RAW264.7 cells (Supplemental 
Figure 5, F and G), while DKK1 had only a mild effect on OP  
differentiation into mature osteoclasts at high concentration 
(Supplemental Figure 5, H and I). In the in vivo premetastatic 
niche mouse model, conditioned medium of DKK1-overex-
pressing SCP46 cancer cells remarkably induced OP number 
and increased osteoclast number and activity compared with 
vector control cancer cell conditioned medium in tumor-free 
mice at day 21 (Figure 4, E and F). In the BCa cell i.c. injection 
metastasis model, pretreatment with DKK1 overexpression con-
ditioned medium significantly promoted bone metastasis bur-
den, increased osteolytic bone lesions, and accelerated bone 
metastasis (Figure 4, G–J). To further verify the contribution of 
DKK1 to the enhanced osteoclastic premetastatic niche and BCa 
cell bone metastasis, we collected the conditioned medium of 

Figure 3. LGR4 contributed to OP recruitment and regulated osteoclas-
tic premetastatic niche formation and bone metastasis. (A) Kaplan-Mei-
er analysis of bone metastasis–free survival according to LGR4 mRNA 
expression in BCa patients (GEO GSE2603; LGR4 low, n = 38; LGR4 high, 
n = 39). Log-rank test. (B) LGR4 IHC staining in BCa patient samples and 
quantitative analysis. Data indicate the mean ± SD. **P < 0.01, unpaired 
2-tailed Student’s t test. Primary, n = 73; bone met., n = 27. Scale bars: 50 
μm/20 μm (top/bottom). (C) LGR4 expression was correlated with bone 
metastatic capability in MDA231 sublines with distinct bone-metastasis 
abilities (GEO GSE14244 and GSE16554). (D) Experimental design of the 
in vivo premetastatic niche mouse model. Conditioned medium from 
LGR4-knockdown SCP46 cells was collected and injected i.p. into nude 
mice every day for 21 days of pretreatment (tumor-free mice); SCP46-
LUC cells were injected i.c. into mice (day 0). Forty-seven days after i.c. 
injection, bones of mice (tumor-bearing mice) were analyzed. (E and F) 
Representative images of IF double staining for RANK (green) and CD115 
(red) and TRAP staining in the L3 spines of tumor-free mice (E), and 
quantitative analysis (F). White arrows, double-positive for RANK and 
CD115. Data indicate the mean ± SD. **P < 0.01, ***P < 0.001, unpaired 
2-tailed Student’s t test, n = 5. Scale bars: 10 μm/5 μm (left/right, IF), 50 
μm (TRAP). (G–J) Representative images of bioluminescent, radiographic, 
H&E, and TRAP staining in the L3 spines of tumor-bearing mice (G), and 
quantitative analysis (H–J). Yellow arrows, osteolytic lesions; red dotted 
lines, tumor zone. Data indicate the mean ± SD. **P < 0.01, (H) 2-way 
ANOVA, (I) log-rank test, n = 5 (H and I); (J) unpaired 2-tailed Student’s t 
test, n = 3. Scale bars: 1 mm (micro-CT), 200 μm (H&E), 30 μm (TRAP).
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osteolytic bone lesions, and the onset of bone metastasis, as 
well as numbers of OPs and osteoclasts, following i.c. injection 
of BCa cells (Figure 5, C–F, and Supplemental Figure 6F).

Next, we examined whether RSPO2/RANKL regulated 
osteoclastic premetastatic niche formation and bone metasta-
sis via DKK1 signaling. We collected the conditioned medium 
from SCP46 cancer cells stimulated by RSPO2 or RANKL with 
or without DKK1 knockdown and then injected the conditioned 
medium i.p. into mice every day for 21 days. Our data showed 
that knockdown of DKK1 in cancer cells successfully reduced 
the RSPO2- or RANKL-induced OP recruitment and osteoclast 
number and activity in tibiae and spines (Figure 6, A and B, and 
Supplemental Figure 6, G–I). After i.c. injection of BCa cells, 
the group receiving conditioned medium from DKK1-knock-
down cells had decreased RSPO2/RANKL-induced bone 
metastasis burden and osteolytic bone lesions, delayed onset 
of bone metastasis, and reduced numbers of OPs and osteo-
clasts (Figure 6, C–F, and Supplemental Figure 6J). Together, 
our results demonstrated that RSPO2/RANKL-LGR4 regulates 
DKK1 expression to promote osteoclastic premetastatic niche 
formation and bone metastasis.

RSPO2/RANKL-LGR4 regulates DKK1 expression through 
Gαq and β-catenin signaling in BCa cells. To examine whether 
RSPO2/RANKL-DKK1 signaling is specific to bone metastasis 
patients, we next examined the serological RSPO2, RANKL, 
and DKK1 levels in benign breast lump patients (n = 9), primary 
BCa patients (n = 28), and bone metastasis BCa patients (n = 
10). The results showed that the expression level of DKK1 was 
significantly higher in bone metastatic BCa patients compared 
with primary BCa patients, and RSPO2 expression levels were 
higher in bone metastatic BCa patients compared with both 
primary BCa and benign lump patients (Figure 7A). However, 
the RANKL level, while higher in primary BCa patients, was 
not higher in bone metastatic BCa patients compared with 
the benign group, which is consistent with previous reports 
(26, 27). Interestingly, there was a significant positive correla-
tion between DKK1 and RSPO2, as well as between DKK1 and 
RANKL, in bone metastatic BCa patients (Figure 7B) but not in 
benign lump and primary BCa patients (Supplemental Figure 7, 
A and B). Moreover, in 7 different BCa cell lines including bas-
al-like, luminal, and human epidermal growth factor receptor 2 
(HER2) subtypes, stimulation with RSPO2 or RANKL induced 
DKK1 expression at the mRNA level (Supplemental Figure 7, C 
and D), and increases in DKK1 protein level were detected in 
stimulated MDA231 cells and 4T1 cells (Supplemental Figure 7, 
E and F). DKK1 upregulation in the HER2+ cell lines was much 
lower than that in the other subtypes, which is consistent with a 
clinical report that HER2+ BCa has lower bone metastasis pro-
pensity (3). Furthermore, from the in vivo premetastatic niche 
mouse model (Figure 2, B and C), we found that the serum 
DKK1 level was significantly increased in the RSPO2- and 
RANKL-stimulated group (Supplemental Figure 7G).

We next examined whether RSPO2- or RANKL-induced 
DKK1 expression was dependent on LGR4 and sought to clarify 
the signaling pathways downstream of LGR4. LGR4 knockdown 
or knockout almost completely blocked RSPO2 or RANKL induc-
tion of DKK1 expression in MDA231 cells (Figure 7C) and primary  

DKK1-overexpressing MDA231 subline SCP6, a poorly efficient 
bone tropism cell line with lower LGR4 and DKK1 expression 
levels (Figure 3C and Supplemental Table 2). The conditioned 
medium was then injected i.p. into the in vivo premetastatic 
niche mouse model every day for 3 weeks, followed by i.c. injec-
tion of LUC-expressing SCP6 cells. As expected, DKK1 overex-
pression conditioned medium strikingly promoted bone meta-
static burden caused by poorly efficient bone-tropic SCP6-LUC 
cells, increased osteolytic bone lesions, accelerated the onset 
of bone metastasis, and increased OP and osteoclast numbers 
(Supplemental Figure 5, J–M), indicating that conditioned medi-
um pretreatment of the mice changed the behavior of the LUC-
SPC6 cells, and DKK1 was a critical mediator of osteoclastic 
premetastatic niche formation and bone metastasis.

RSPO2/RANKL-LGR4 regulates osteoclastic premetastatic 
niche formation and bone metastasis by modulating DKK1 expres-
sion. To further explore whether LGR4 regulated osteoclastic 
premetastatic niche formation and bone metastasis by modu-
lating DKK1 expression, we used a “rescue” strategy in vitro and 
in vivo. Our data showed that overexpression of DKK1 in LGR4- 
silenced cancer cells successfully rescued the reduced OP 
recruitment (Supplemental Figure 6A). Consistent with this, 
knocking down DKK1 inhibited the ability of LGR4-overex-
pressing cancer cells to attract OPs (Supplemental Figure 6B). In 
the premetastatic niche in vivo model, overexpression of DKK1 
in human SCP46 cancer cells restored the serum level of human 
DKK1 protein inhibited by LGR4 knockdown (Supplemental 
Figure 6, C and D) and reversed the effects of LGR4 silencing 
on OP number and osteoclast number and activity (Figure 5, 
A and B, and Supplemental Figure 6E). Consequently, condi-
tioned medium from cells overexpressing DKK1 reversed the 
LGR4 knockdown–induced decline in bone metastasis burden,  

Figure 4. DKK1 was identified as the key factor for osteoclastic 
premetastatic niche formation and bone metastasis. (A) Fourteen 
targets were identified as secreted proteins regulated by WNT signaling. 
(B) DKK1 IHC staining in BCa patients and quantitative analysis. Data 
indicate the mean ± SD. **P < 0.01, unpaired 2-tailed Student’s t test. 
Primary, n = 73; bone met., n = 27. Scale bars: 50 μm/20 μm (top/bot-
tom). (C) Correlation of LGR4 expression with DKK1 expression in BCa 
bone metastasis tumors. Pearson’s correlation analysis. (D) Primary 
cultured OPs (top chamber) were subjected to migration assay with 
DKK1 (bottom chamber) and quantified. Data indicate the mean ± SD. 
*P < 0.05, **P < 0.01, 1-way ANOVA with Dunnett’s post hoc test. n = 4 
biological replicates. Scale bars: 20 μm. (E and F) Conditioned medium 
from DKK1-overexpressing SCP46 cells was injected i.p. into BALB/c 
nude mice every day for 21 days (tumor-free mice). IF double staining for 
RANK (green) and CD115 (red), TRAP staining in L3 spines of mice (E), 
and quantitative analysis (F). White arrows, cells double-positive for 
RANK and CD115. Data indicate the mean ± SD. *P < 0.05, **P < 0.01, 
unpaired 2-tailed Student’s t test, n = 5. Scale bars: 10 μm/5 μm (left/
right, IF), 50 μm (TRAP). (G–J) SCP46-LUC cells were injected i.c. into 
tumor-free mice (day 0); 49 days later, bones of tumor-bearing mice 
were analyzed. Representative images of bioluminescent, radiograph-
ic, H&E, and TRAP staining in L3 spines of mice (G), and quantitative 
analysis (H–J). Yellow arrows, osteolytic lesions; red dotted lines, tumor 
zone. Data indicate the mean ± SD. *P < 0.05, ***P < 0.001, (H) 2-way 
ANOVA, (I) log-rank test, n = 6 (H and I); (J) unpaired 2-tailed Student’s t 
test, n = 3. Scale bars: 1 mm (micro-CT), 200 μm (H&E), 30 μm (TRAP).
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cultured OPs from β-catenin(ex3)flox/flox gain-of-function muta-
tion mice, β-catenin activation was shown to significantly inhib-
it DKK1-induced OP recruitment (Figure 8D). All of our data 
indicated that DKK1 regulated OP recruitment by suppressing 
canonical WNT/β-catenin signaling.

To determine which downstream target genes regulated 
by DKK1–LRP5–β-catenin signaling affected OP recruitment, 
we examined the transcriptome of OPs with or without DKK1 
stimulation. Zc3h11a, Rnasek, Usp49, Btbd6, and Ly6c1 were the 
5 most highly upregulated genes upon treatment with DKK1 
(Supplemental Figure 8D). After verification using quantitative 
RT-PCR, Rnasek was selected for further investigation (Supple-
mental Figure 8E). RNASEK is a transmembrane V-ATPase–
associated factor that regulates the migration of multiple cell 
types (30–32). Therefore, we examined the function of Rnasek in 
regulating OP recruitment. Our results showed that overexpress-
ing Rnasek notably enhanced OP recruitment (Figure 8E and 
Supplemental Figure 8F). Conversely, knocking down Rnasek 
inhibited DKK1-induced OP recruitment (Figure 8F and Sup-
plemental Figure 8G). Consistently, in the premetastatic niche 
in vivo mouse model, the number of RNASEK-positive cells was 
increased in the RSPO2- or RANKL-stimulated groups (Figure 
8G; refer to Figure 2, B and C). In conclusion, DKK1 interacted 
with the WNT coreceptor LRP5 to block canonical WNT signal-
ing and to upregulate Rnasek, thereby attracting OPs.

Targeting LGR4 signaling reduces BCa bone metastasis. In 
order to validate targeting LGR4 signaling for treatment of BCa 
bone metastasis, we used an anti-DKK1 antibody alone and in 
combination with a soluble LGR4 extracellular domain (ECD) 
protein (containing both the RSPO2 and the RANKL interaction 
domains to function as a competitive inhibitor of LGR4 binding; 
ref. 20) to pretreat BCa cells and assessed the effect on RSPO2- 
or RANKL-induced OP recruitment. The anti-DKK1 and LGR4-
ECD treatments were effective in inhibiting OP recruitment in 
vitro, but they were not additive (Figure 9, A–D), suggesting they 
are likely in the same signaling pathway. Considering the effect 
of anti-DKK1 antibody promoting BCa lung metastasis (29), we 
next assessed using the soluble LGR4-ECD protein as a treat-
ment for BCa bone metastasis in vivo. After an initial i.c. injec-
tion of SCP46 cells, a highly efficient bone tropism cell line with 
the highest LGR4 expression level (Figure 3C), nude mice were 
given daily i.p. injections of soluble LGR4-ECD protein (Figure 
9E). LGR4-ECD protein treatment significantly delayed the onset 
of bone metastasis, alleviated SCP46-induced excessive bone 
metastasis burden, and ameliorated osteolytic bone lesions (Fig-
ure 9, F–I), but did not promote lung metastasis (Supplemental 
Figure 9A). In addition, LGR4-ECD protein treatment reduced 
the number of OPs and osteoclasts (Figure 9, F and I). Using a 
specific anti–human DKK1 antibody, we found that DKK1 from 
human BCa cells was significantly decreased in the LGR4-ECD 
protein treatment group (Figure 9, F and J, and Supplemental Fig-
ure 9B). Therefore, all our results demonstrated that LGR4 sig-
naling can be a promising target for treating BCa bone metastasis.

Discussion
Clinically, therapies targeting osteoclasts are extensively used 
for bone metastasis. However, whether and how OPs function 

cultured PyMT cells (Figure 7D), whereas RANKL-induced 
DKK1 expression was independent of its classical receptor RANK 
(Figure 7E and Supplemental Figure 7H). RSPO-LGR4 potenti-
ates WNT/β-catenin signaling, and RANKL-LGR4 goes through 
Gαq signaling (20), so we next investigated whether Gαq or β-cat-
enin signaling regulates DKK1 expression. Using 2 siRNAs and 
2 inhibitors of Gαq, and 2 concentrations of the β-catenin inhib-
itor FH535, we found that inhibition of either Gαq or β-catenin 
almost completely suppressed RSPO2- or RANKL-induced DKK1 
expression (Figure 7, F–H), suggesting that Gαq or β-catenin was 
required for LGR4 regulation of DKK1 expression. Thus, all these 
data demonstrated that RSPO2/RANKL-LGR4 induces expres-
sion of DKK1 via the Gαq and β-catenin signaling pathways.

DKK1 functionally interacts with LRP5 but not LRP6 and reg-
ulates the expression of Rnasek via canonical WNT signaling for OP 
recruitment. Since DKK1 was downstream of RSPO2/RANKL-
LGR4 signaling, we next sought to determine via which core-
ceptor, LRP5 or LRP6, DKK1 binds to regulate OP recruitment. 
We used 2 cell models. One involved primary cultured OPs from 
Lrp5-knockout (Lrp5–/–) or Lrp6-knockout (Lrp6flox/flox LysM-Cre) 
mice; the other used Lrp5- or Lrp6-silenced RAW264.7 cells. 
Knocking out or knocking down Lrp5, but not Lrp6, inhibited 
DKK1-induced OP recruitment (Figure 8, A and B, and Supple-
mental Figure 8, A and B), suggesting that DKK1 regulated OP 
recruitment by functionally binding to LRP5.

Since DKK1 regulates both canonical and non-canonical 
WNT signaling (28, 29), we tested whether DKK1 regulates OP 
recruitment through canonical or non-canonical WNT signal-
ing. Four different canonical or non-canonical WNT signaling 
inhibitors or activators were used. Our data showed that only 
TWS119, an activator of canonical WNT/β-catenin signaling, 
but not the JNK inhibitor SP600125, the Rac inhibitor EHop-
016, or the calcineurin inhibitor cyclosporin A, significantly 
inhibited DKK1-induced OP recruitment (Figure 8C) without 
cytotoxicity (Supplemental Figure 8C). Moreover, using primary 

Figure 5. DKK1 rescued the loss of effect on OP recruitment and osteo-
clastic premetastatic niche formation following LGR4 knockdown. (A 
and B) Knockdown of LGR4, transfection of DKK1 expression plasmid, 
or exogenous expression of DKK1 with LGR4 knockdown was performed 
in SCP46 cells, the conditioned medium was collected and injected i.p. 
into nude mice every day for 21 days of pretreatment, and tumor-free 
mice were euthanized at this time point. Representative images of IF 
double staining for RANK (green) and CD115 (red) and TRAP staining in 
the tibiae of mice (A), and quantitative analysis (B). White arrows indi-
cate cells double-positive for RANK and CD115. Data indicate the mean 
± SD. *P < 0.05, **P < 0.01, ***P < 0.001, 1-way ANOVA with Tukey’s 
post hoc test. n = 6 per group. Scale bars: 10 μm/5 μm (left/right, IF), 
50 μm (TRAP). (C–F) SCP46-LUC cells were injected i.c. into tumor-free 
mice (tumor-bearing mice); 40 days later, the mice were sacrificed and 
bone analysis was performed. Representative images of biolumines-
cent, radiographic, H&E, TRAP, and IF double staining for RANK (green) 
and CD115 (red) in the tibiae of mice (C), and quantitative analysis 
(D–F). Yellow arrows indicate osteolytic lesions; red dotted lines indi-
cate tumor zones; white arrows indicate cells double-positive for RANK 
and CD115. Data indicate the mean ± SD. *P < 0.05, **P < 0.01, ***P 
< 0.001, (D) 2-way ANOVA, (E) log-rank test, (F) 1-way ANOVA with 
Tukey’s post hoc test. n = 6 per group. Scale bars: 1 mm (micro-CT), 50 
μm (H&E and TRAP), 10 μm/5 μm (left/right, IF).
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these therapies do not improve disease-related prognosis in 
patients with high-risk early-stage BCa (7), suggesting that 
there are still other signaling pathways regulating osteoclast 
activity during BCa bone metastasis.

Our data show that both RANKL and RSPO2 bound to the 
GPCR receptor LGR4, which regulates the expression of DKK1. 
DKK1 was the key mediator of premetastatic niche formation, 
providing a possible explanation for why blocking RANKL alone 
is not enough to suppress bone metastasis. Although RANKL 
was suggested to be chemotactic for OPs (35–37), we found that 
RANKL has little direct chemotactic effect for OP recruitment, 
which is consistent with several previous studies showing that 
RANKL has little effect on bone marrow monocyte recruit-
ment (38, 39). In our study, we demonstrated that knocking 
down the RANKL cognate receptor RANK in BCa cells had little 
effect on RANKL-stimulated DKK1 expression and conditioned 
medium–induced OP recruitment. This indicates a complicat-
ed RANKL-RANK signaling in regulating bone metastasis; at 
a minimum, RANKL-RANK signaling in BCa cells has limited 
involvement in regulating DKK1-mediated osteoclastic premet-
astatic niche formation. Furthermore, it is reasonable to spec-
ulate that primary BCa has increased LGR4 and DKK1 levels in 
order to prepare the premetastatic niche in an endocrine man-
ner. However, our data showed that LGR4 and DKK1 were both 
elevated in the BCa in bone metastasis tissues and correlated 
with each other, underlining that LGR4-DKK1 expression is 
positively involved in BCa bone metastasis organotropism. It is 
highly likely that intratumor heterogeneity (40–42) or a dichot-
omous effect of DKK1 on organotropic metastasis (29) has 
masked the possibility of capturing the enhanced DKK1 level 
in the primary BCa. Importantly, our in vitro data indeed pro-
vided some insights. That is when DKK1 overexpression in cell 
lines with either a low-efficiency (SCP6) or a high-efficiency 
(SCP46) bone tropism remarkably enhanced bone metastasis. 
Moreover, abundant data demonstrate that DKK1 can nega-
tively regulate osteoblast differentiation in multiple cancer cell 
types (43, 44), suggesting that increased DKK1 in the premet-
astatic niche may not only inhibit osteoblastic bone formation 
and contribute to osteolytic lesions, but also indirectly affect 
OP recruitment through the bone remodeling coupling; while, 
without confounding factors from osteoblasts, our in vitro 
experiments provide strong evidence that DKK1 can recruit 
both primary cultured OPs (Figure 4D) and RAW264.7 cells 
(Supplemental Figure 5, F and G) directly in a dose-dependent 
manner, which was further confirmed by “rescue” recruitment 
experiments (Supplemental Figure 6, A and B).

Given that overexpression of DKK1 is correlated with short-
er overall survival (45–47), that bone is the third most common 
metastasis target site for a wide range of solid tumors (48), 
and that several clinical trials based on anti-DKK1 neutraliz-
ing monoclonal antibodies have been done (NCT01302886, 
NCT01337752), it is plausible that targeting DKK1 could be 
effective for treating bone metastasis of solid tumors express-
ing DKK1. However, a report recently showed that DKK1 is a 
Janus-faced cytokine with dichotomous roles in cancer cell 
metastasis to lung and bone. DKK1 suppressed lung metas-
tasis by regulating the lung immune microenvironment but 

in forming the premetastatic niche to facilitate bone metastasis 
are largely unknown. In this study, we found that RSPO2 and 
RANKL interact with LGR4 to upregulate DKK1 expression 
through WNT and Gαq signaling in BCa cells. DKK1 protein 
secreted by the BCa cells circulates to bones where it attracts 
OPs to form a premetastatic niche by suppressing the LRP5–β-
catenin–Rnasek axis (Supplemental Figure 10). In BCa clinical 
samples, RSPO2, LGR4, and DKK1 expression was significantly 
increased in bone metastasis patient samples compared with 
patient samples with primary tumor only, and there was a pos-
itive correlation in bone metastasis clinical samples between 
LGR4 and DKK1 expression, between RSPO2 and DKK1, and 
between RANKL and DKK1. Furthermore, blocking LGR4 sig-
naling suppressed BCa bone metastasis.

It has been established that premetastatic niche formation 
in metastatic organs can accelerate subsequent cancer cell 
metastasis and colonization (1, 2). A variety of cells, most of 
which are immune cells, are involved in premetastatic niche for-
mation. It has previously been shown that lysyl oxidase secreted 
from estrogen receptor–negative BCa cells promotes osteoclast  
differentiation independent of RANKL and inhibits osteoblast 
proliferation in the formation of premetastatic niche (9). How-
ever, subsequent research reported that lysyl oxidase failed 
to induce osteoclast differentiation (33), although lysyl oxi-
dase–induced premetastatic niche formation and bone metas-
tasis were abrogated with bisphosphonate, confirming the 
role of osteoclasts (9, 33). In this study, we demonstrated that 
recruitment of OPs is a key process in premetastatic niche for-
mation for BCa bone metastasis. Furthermore, in addition to  
the known RANKL-RANK axis in bone metastasis, we present 
an exciting contribution of RANKL-LGR4 signaling in regulat-
ing metastatic spread to bones. This finding provides a new tar-
get for the clinical treatment of bone metastasis. The RANKL 
antibody denosumab and bisphosphonates are the current 
FDA-approved clinical drugs for bone metastases that func-
tion through inhibiting osteoclast activation and breaking the 
vicious cycle that promotes metastatic growth (34). However,  

Figure 6. RSPO2 or RANKL regulated osteoclastic premetastatic niche 
formation and bone metastasis via DKK1 signaling. (A and B) Condi-
tioned medium (Ctrl, RSPO2, RANKL, RSPO2+shDKK1, RANKL+shDKK1) 
from SCP46 cells was injected i.p. into nude mice for 21 days (tumor-
free mice). Representative images of IF double staining for RANK 
(green) and CD115 (red) and TRAP staining in the tibiae of mice (A), and 
quantitative analysis (B). White arrows indicate cells double-positive 
for RANK and CD115. Data indicate the mean ± SD. *P < 0.05, **P < 
0.01, 1-way ANOVA with Tukey’s post hoc test. n = 5 per group. Scale 
bars: 10 μm/5 μm (left/right, IF), 50 μm (TRAP). (C–F) Mice of indicated 
experimental groups were analyzed 46 days after i.c. SCP46-LUC cell 
injection (tumor-bearing mice). Representative images of biolumines-
cent, radiographic, H&E, TRAP, and IF double staining for RANK (green) 
and CD115 (red) in the tibiae of mice (C), and quantitative analysis 
(D–F). Yellow arrows indicate osteolytic lesion areas; red dotted lines 
indicate tumor zone; white arrows indicate cells double-positive for 
RANK and CD115. Data indicate the mean ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001, (D) 2-way ANOVA, (E) log-rank test, (F) 1-way ANOVA 
with Tukey’s post hoc test. n = 6 per group. Scale bars: 1 mm (micro-
CT), 25 μm (H&E), 50 μm (TRAP), 10 μm/5 μm (left/right, IF).
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Figure 7. RSPO2/RANKL-LGR4 signaling induced DKK1 expression though Gαq and β-catenin signaling pathway. (A) Serum RSPO2/RANKL/DKK1 levels 
in BCa patients. Data indicate the mean ± SD. *P < 0.05, **P < 0.01, Kruskal-Wallis test. Benign, n = 9; primary, n = 28; bone metastasis, n = 10. (B) Serum 
RSPO2/DKK1 and RANKL/DKK1 correlations in BCa patients with bone metastasis. Pearson’s correlation analysis. (C) DKK1 mRNA levels in MDA231 cells 
stimulated with RSPO2 (left) or RANKL (right) for 6 hours with or without LGR4 knockdown. Data indicate the mean ± SD. ***P < 0.001, 1-way ANOVA 
with Tukey’s post hoc test. n = 3 biological replicates. (D) Dkk1 mRNA levels in murine primary cultured tumor cells (MMTV-PyMT Lgr4fl/fl and MMTV-PyMT 
MMTV-Cre Lgr4fl/fl [CKO]) stimulated with RSPO2 or RANKL for 6 hours. Data indicate the mean ± SD. ***P < 0.001, 1-way ANOVA with Tukey’s post hoc 
test. n = 4 biological replicates. (E) DKK1 mRNA levels in LGR4- or RANK-knockdown MDA231 cells following treatment with RANKL for 6 hours. Data indi-
cate the mean ± SD. **P < 0.01, 1-way ANOVA with Tukey’s post hoc test. n = 3 biological repeats. (F and G) DKK1 mRNA levels in MDA231 cells stimulated 
with RSPO2 or RANKL for 6 hours with or without 2 siRNAs targeting Gαq or transfected with vectors expressing 2 Gαq inhibitors (the C-terminal domain 
of Gαq [Gαq-CT] or regulator of G protein signaling 2 [RGS2]). Data indicate the mean ± SD. **P < 0.01, ***P < 0.001, 1-way ANOVA with Tukey’s post hoc 
test. n = 3 biological repeats. (H) DKK1 mRNA levels in MDA231 cells stimulated with RSPO2 (left) or RANKL (right) for 6 hours with or without inhibition of 
β-catenin. Data indicate the mean ± SD. ***P < 0.001, 1-way ANOVA with Tukey’s post hoc test. n = 3 biological replicates.
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Figure 8. DKK1 interacted with LRP5 but not LRP6 to regulate Rnasek expression via canonical WNT/β-catenin signaling for OP recruitment. (A–F) 
Representative images are shown of Lrp5 WT or knockout primary cultured OPs (A), Lrp6fl/fl LysM-Cre primary cultured OPs (B), primary cultured OPs 
from β-catenin(ex3)fl/fl gain-of-function mutation mice (D), and Rnasek-overexpressing (E) and Rnasek-knockdown (F) RAW264.7 cells subjected to 
the Transwell migration assay; the migrated cells were counted and compared between the groups with 200 ng/mL DKK1 as chemoattractant versus 
vehicle. In addition, primary cultured OPs treated with the canonical WNT signaling activator (TWS119, 30 mM) or non-canonical WNT pathway sig-
naling inhibitors (JNK inhibitor SP600125, 2 μM; Rac inhibitor EHop-016 [EHop], 8 μM; and calcineurin inhibitor cyclosporin A [Cyc A], 4 μM) were also 
subjected to the Transwell migration assay with or without DKK1 as chemoattractant (C). Quantification of the number of migrated cells is shown 
in the graphs. Data indicate the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, 1-way ANOVA with Tukey’s post hoc test (A, C, D, and F), unpaired 
2-tailed Student’s t test (B and E). n = 4 biological replicates for C and n = 3 biological replicates for the others. Scale bars: 20 μm. (G) Representative 
images of IHC staining for RNASEK in tumor-free mouse tibiae (see Figure 2, B and C). Quantitative analysis of IHC staining is shown at right. Data 
indicate the mean ± SD. **P < 0.01, ***P < 0.001, 1-way ANOVA followed by Dunnett’s post hoc test. n = 5 per group. Scale bars: 10 μm.
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is needed especially in tissues lacking LGR. Furthermore,  
RSPOs/LGRs are well known to function in regulation of adult 
stem cells and cancer stem cells, including intestinal stem cells 
(62) and hair follicle stem cells (63) as well as acute myeloid leu-
kemia stem cells (64), tongue squamous cancer stem cells (65), 
intestinal cancer stem cells, and BCa stem cells (22). Therefore, 
it is interesting to speculate that BCa stem cells stimulated by 
RSPO2 or RANKL may regulate the osteoclastic premetastasis 
niche formation. The elaboration of this concept in future stud-
ies will provide new insights into the biology of cancer stem cells 
in regulating the premetastatic niche.

Overall, by illuminating how OPs function as premetastat-
ic niche components to facilitate bone metastasis, our work has 
elucidated a critical role for RSPO2/RANKL-LGR4-DKK1 sig-
naling in enhancing OP recruitment and osteoclastic premet-
astatic niche formation. Altogether, our results indicate that 
LGR4 signaling could be a promising target for preventing and 
treating BCa bone metastasis.

Methods
Mice. BALB/c nude WT mice and BALB/c WT mice of 5 weeks were 
purchased from the Animal Center of East China Normal Universi-
ty (ECNU). Lrp5–/– mice (strain C57BL/6) and Lrp6fl/fl mice (strain 
C57BL/6) were generated by the Animal Center of ECNU. β-Caten-
in(ex3)fl/fl mice (strain C57BL/6) were a gift from Gang Ma at Shang-
hai Jiao Tong University, Shanghai. LysM-Cre (strain C57BL/6), 
MMTV-PyMT Lgr4fl/fl (strain FVB), and MMTV-PyMT Lgr4+/– (strain 
FVB) mice were described in previous reports (22, 66). Only female 
mice were used in all experiments. For primary OP isolation, 6- to 
8-week-old WT mice (strain C57BL/6) were used in our study.

Conditioned medium collection. Conditioned medium was col-
lected and referenced as previously described (67, 68). Briefly, BCa 
cells (1 × 106 4T1, 2 × 106 MDA231, 2 × 106 SCP6, or 2 × 106 SCP46 
cells) were plated in a 10 cm dish and cultured until 85% confluent 
(for RSPO2 or RANKL treatment, 4T1 or SCP46 cells were stim-
ulated with 200 ng/mL RSPO2 or RANKL). Cells were washed 
twice with PBS and cultured for 48 hours (24 hours for 4T1 cells) in 
6 mL of serum-free and phenol red–free DMEM. The conditioned 
medium was collected, filtered with a 0.22 μm filter to remove 
cell debris, and then concentrated using a Millipore protein con-
centrator (Amicon Ultra-15, 10 kDa). Medium was centrifuged at 
3500g until triple the concentration. The concentrated conditioned 
medium was aliquoted to avoid repeated freezing and thawing and 
stored at –80°C for use within 3 months.

Premetastatic niche mouse model. For 4T1, MDA231, SCP6, or 
SCP46 cells, 300 μL conditioned medium or control medium (phe-
nol red–free DMEM) was injected i.p. daily into 5-week-old BAL-
B/c nude or BALB/C mice for 3 weeks or indicated times to form 
premetastatic niches. A cohort of mice were sacrificed according to 
the experimental protocol, and mouse serum and bones were har-
vested for further analysis. The remaining mice were then injected 
with 3 × 104 4T1-LUC, 1 × 105 SCP6-LUC, or SCP46-LUC cells into 
the left cardiac ventricle (day 0). Bioluminescent imaging (BLI) 
was performed twice a week. Mice were injected with 3 mg/kg d- 
luciferin and imaged using Bioluminescence Imaging (Caliper Life 
Sciences). Bone metastatic burden (including limbs and spines) was 
analyzed using Living Image 3.2 software (Caliper Life Sciences). 

promoted bone metastasis by targeting osteoblasts (29). 
Therefore, the prospect of therapies targeting DKK1 direct-
ly in treating bone metastasis is compromised by the risk of 
promoting lung metastasis (29). In our study, we identified 
the upstream regulators of DKK1 in tumors, RSPO2/RANKL 
and their receptor LGR4, and our results showed that solu-
ble LGR4-ECD protein, containing both the RSPO2 and the 
RANKL interaction domains, significantly inhibited bone 
metastasis, but did not promote lung metastasis. Considering 
that high expression of LGR4 in BCa cells markedly promotes 
lung metastasis (22), LGR4-ECD could have a direct effect on 
BCa cells and thus possibly decrease its lung metastasis, sug-
gesting that RSPO2/RANKL-LGR4 could be a promising tar-
get for inhibiting bone metastasis, and without side effects 
on lung metastasis. Our previous report showed that LGR4-
ECD protein could directly inhibit osteoclast differentiation 
in 3 murine osteoporosis models (20). Therefore, LGR4-ECD  
protein could be a promising target for bone metastasis because 
of its dual function on both cancer cells and osteoclasts.

In our study, we found that RSPO2 or RANKL strongly 
stimulated DKK1 expression in luminal and basal-like BCa cell 
lines, while effects were relatively lower in HER2+ cell lines. 
It has been reported that HER2+ tumors were associated with 
a significantly higher rate of brain, liver, and lung metastases 
but a lower frequency of bone metastasis, in comparison with 
the highest occurrence of bone metastasis in luminal BCa (3) 
and the particular aggressiveness of basal-like BCa (49). Our 
data suggest a new explanation for the limited bone metastat-
ic potential of HER2+ tumors: RSPO2/RANKL-LGR4-DKK1 
signaling might be weak in HER2+ subtype BCa, thus reducing 
bone premetastatic niche formation.

RSPOs are a group of 4 secreted factors with essential 
roles in organ development and survival of adult stem cells as 
well as in cancer development (50). Human genetic studies 
revealed that RSPO1 is critical for ovarian development (51), 
and RSPO2 mutation leads to tetra-amelia syndrome includ-
ing lung aplasia and a lack of limbs (18), while RSPO4 is nec-
essary for human nail formation (52). In breast tumors, RSPO2 
and RSPO3 were first identified as being involved in BCa 
initiation, proliferation, epithelial-mesenchymal transition, 
and metastasis (53). The expression of RSPO2 and RSPO4 is 
increased in basal and metaplastic tumors (54), while the high-
est levels of RSPO3 expression were detected in basal BCa (55). 
We provide evidence that among the 4 members, only RSPO2 
enhanced the recruitment of OPs, suggesting that the 4 mem-
bers of the RSPO family have tissue-specific and spatiotem-
porally regulated functions in regulating cancer progression. 
It has been reported that RSPO2 regulates hepatocellular car-
cinoma (56), colon cancer progression (57), osteoblast activity 
(58), facial morphogenesis (59), and maturation of ovarian fol-
licles (60) by activating canonical WNT/β-catenin signaling. 
However, recent publications reported that RSPO2 activates 
WNT signaling independent of LGR4 in governing limb devel-
opment (18, 61). In our results, knocking down LGR4 almost 
completely abrogated RSPO2-induced DKK1 expression, sug-
gesting that RSPO2 activates WNT signaling in a tissue- or 
cell type–dependent manner. Further mechanistic research 
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1 × 105 or 3 × 105 primary cultured OPs were placed in the bottom 
chamber, 1 × 105 BCa cells were added to the Transwell insert top 
chamber, and cells were cocultured for 8 hours. At the end of the cul-
ture period, cells on the bottom of the migrated cells were fixed and 
stained with 0.1% crystal violet. At least 4 fields of view per insert 
were photographed, and cells were counted using Image-Pro Plus 
6.0 software (Media Cybernetics).

Tissue microarray. For BCa tissue microarray staining, anti-
LGR4 and -DKK1 IHC was performed. BCa lymph node metastasis 
tissue array was purchased from Avilabio Inc. (DC-Bre21008a). BCa 
bone metastasis tissue array was obtained from Changzheng Hospi-
tal with informed patient consent and approval by the Ethics Com-
mittee. IHC scores were obtained by the multiplicative score meth-
od to evaluate protein expression as previously described (69). This 
system includes the intensity and the area of positive cell staining. 
Average intensity scores from 0 to 3 (representing no staining and 
weak, intermediate, and strong staining, respectively) and percent-
age scores from 1 to 6 (representing 1%–4%, 5%–19%, 20%–39%, 
40%–59%, 60%–79%, and 80%–100%, respectively) were assigned, 
and then the 2 scores were multiplied to get values from 0 to 18.

In vivo treatment of mice with recombinant LGR4-ECD protein. 
Recombinant LGR4-ECD protein expression and purification were 
described in our previous report (20). SCP46-LUC cells (1 × 105) were 
injected i.c. into the 8-week-old female BALB/c nude mice at day 0, 
and then the mice were injected i.p. with recombinant LGR4-ECD 
protein (2 mg/kg) or vehicle control each day for 3–5 weeks from day 
1. BLI was performed twice a week, and bone metastatic burden and 
bone metastasis–free curves were analyzed as described above.

For further technical information, see Supplemental Methods.
Statistics. Data are presented as mean ± SD. The statistical sig-

nificance of the data was calculated by Prism 8 software (GraphPad) 
and SPSS (IBM). One-way ANOVA was used for data comparison 
when comparing 3 or more experimental groups, with Dunnett’s 
post hoc test for comparing all the groups against the same con-
trol group, or Tukey’s post hoc test or least significant difference 
for multiple comparisons with the same n in all groups. The Krus-
kal-Wallis test was used for multiple comparisons in clinical serum 
samples. The unpaired 2-tailed Student’s t test was used to com-
pare experiments with only 2 groups. Correlation was calculated 
by Pearson’s correlation analysis. Bone metastasis flux curves were 
analyzed by 2-way ANOVA. Bone metastasis–free survival was ana-
lyzed according to the Kaplan-Meier method, and for differences 
between curves, the P value was calculated by the log-rank test. P 
values less than 0.05 were considered significant.

Study approval. All mice were housed in the Animal Center of 
ECNU. All animal experiments were conducted in accordance with 
the guidelines of the Ethics Committee at ECNU. Human BCa bone 
metastasis samples including tissue microarray and serum sam-
ples were obtained after participants provided written informed 
consent, and the study was approved by the Ethics Committee of 
Changzheng Hospital.
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TRAP and H&E staining. Mouse bone tissues were fixed in 4% 
paraformaldehyde solution and decalcified in 0.5 M EDTA for 14 
days at 4°C, with EDTA changed once a week. Then paraffin sec-
tions (at 6 μm) were stained with tartrate-resistant acid phosphatase 
(TRAP; MilliporeSigma, 387A-1KT) or H&E. Images of TRAP and 
H&E were obtained with a Leica microscope (DM4000b). Osteo-
clast number, osteoclast surface area, eroded surface area, tumor-
bone interface, and tumor area were assessed at 0.2 to 2 mm below 
the growth plate by the OsteoMeasure Analysis System (Osteomet-
rics) and ImageJ software (NIH) according to the manufacturers’ 
protocols. During preparation and analysis of bone tissues, investi-
gators were blinded to specific groups.

OP or BCa cell migration assay. For GPCR ligand/agonist screen-
ing, MDA231 cells were seeded into 24-well plates (bottom chamber) 
at a concentration of 6 × 104 cells per well and stimulated with 86 
GPCR ligands or agonists for 24 hours. Transwell inserts (6.5 mm) 
with 8 μm pores were then added to the wells, and 1 × 105 RAW264.7 
cells were plated in the top chamber. Cells were cocultured for 16 
hours to permit recruitment. For conditioned medium–induced OP 
migration assays, cancer cells were transfected with indicated plas-
mids or siRNA. Twenty-four hours after transfection, 6 × 104 cancer 
cells were seeded into the 24-well plates and cultured for a further 24 
hours. Transwell inserts were then added into the wells, and 8 × 104 
primary cultured OPs were seeded into the top chamber and cocul-
tured for 16–20 hours of recruitment. For protein- or small molecule–
induced OP migration assays, blank medium with RSPO2 or RANKL 
(200 ng/mL), 7α,25-OHC (100 nM), or DKK1 (200 ng/mL) was 
placed in the bottom chamber, 1 × 105 primary cultured OPs or 1.2 × 
105 RAW264.7 cells were added to the Transwell insert top chamber, 
and cells were cocultured for 16–20 hours. For BCa migration assay, 

Figure 9. Targeting LGR4-DKK1 signaling for the treatment of BCa 
bone metastasis. (A and B) Representative images of mouse primary 
OPs (top chamber) subjected to the Transwell migration assay with 
conditioned medium from MDA231 (top) or 4T1 (bottom) cells treated 
with RSPO2 (200 ng/mL), LGR4-ECD (5.4 μg/mL), and anti-DKK1 (1 μg/
mL) (A) with quantification of the number of migrated cells (B). Data 
indicate the mean ± SD. ***P < 0.001, 1-way ANOVA with Tukey’s post 
hoc test. n = 4 biological replicates. Scale bars: 20 μm. (C and D) Repre-
sentative images of mouse primary OPs (top chamber) subjected to the 
Transwell migration assay with conditioned medium from MDA231 (top) 
and 4T1 (bottom) cells treated with RANKL (200 ng/mL), LGR4-ECD (5.4 
μg/mL), and anti-DKK1 (1 μg/mL) (C) with quantification of the number 
of migrated cells (D). Data indicate the mean ± SD. *P < 0.05, ***P < 
0.001, 1-way ANOVA with Tukey’s post hoc test. n = 4 biological repli-
cates. Scale bars: 20 μm. (E) Experimental design of the in vivo bone 
metastasis mouse model. SCP46-LUC cells were injected i.c. into nude 
mice. After 1 day, the mice were injected i.p. daily with LGR4-ECD (1 mg/
kg/d) for 21 days. (F–J) Representative images of bioluminescent, radio-
graphic, H&E, TRAP, and IF double staining for RANK (green) and CD115 
(red) and IHC staining for DKK1 in the tibiae of mice (F), and quantitative 
analysis (G–J). Yellow arrows indicate osteolytic lesions; red dotted lines 
indicate tumor zones; white arrows indicate cells double-positive for 
RANK and CD115. Data indicate the mean ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001, (H) 2-way ANOVA, (G) log-rank test, and (I and J) unpaired 
2-tailed Student’s t test. n = 7 per group. Scale bars: 1 mm (micro-CT), 25 
μm (H&E), 20 μm (TRAP), 10 μm/5 μm (left/right, IF), 10 μm (IHC).
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