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Introduction

Bone homeostasis depends on the functional balance of osteo-
blasts (OBs) and osteoclasts (OCs). Each releases secretable 
factors that regulate the function of the other. For example, 
OB-released factors include receptor activator of nuclear factor 
κB ligand (RAN​KL), osteoprotegerin (OPG), cytokine interleu-
kin-33, and EphB4 (Yasuda et al., 1998; Teitelbaum, 2000; Zhao 
et al., 2006; Zaiss et al., 2011), among which RAN​KL is the 
best studied and perhaps most important (Yasuda et al., 1998; 
Teitelbaum, 2000). RAN​KL is necessary for trabecular bone 
structures, because RAN​KL deletion in osteocytes reduces OC 
number on cancellous bone and increases bone volume (BV; 
Nakashima et al., 2011; Xiong et al., 2011). Via its receptor, 
receptor activator of nuclear factor κB (RANK), RAN​KL in-
creases nuclear factor κB signaling and promotes the commit-
ment of bone marrow macrophages/monocytes (BMMs) to OC 
progenitors, OC differentiation, and activation (Yasuda et al., 
1998; Teitelbaum, 2000). In contrast, OPG acts as an antago-
nist of RAN​KL to inhibit OC genesis and function (Teitelbaum, 

2000). The ratio of RAN​KL to OPG is thus a key factor in the 
control of OC genesis. This ratio is up-regulated by multiple 
factors, including sclerostin Lrp4 (low-density lipoprotein 
[LDL] receptor–related protein 4) pathway (Itoh et al., 2000; 
Ma et al., 2001; Huang et al., 2004; Silvestrini et al., 2008; Wi-
jenayaka et al., 2011; Xiong et al., 2015) and down-regulated by 
factors such as the canonical Wnt–β-catenin signaling pathway 
(Huang et al., 2004; Fujita and Janz, 2007; Silvestrini et al., 
2008; Takahashi et al., 2011; Folestad et al., 2015).

Lrp4 is a member of LDL family receptors containing a 
large extracellular region with multiple LDLa, EGF-like, and 
β-propeller repeats; a transmembrane domain; and a short C-ter-
minal region (Nakayama et al., 1998; Tian et al., 1999; Herz and 
Bock, 2002; Suzuki, 2004; Wu et al., 2010; Shen et al., 2015). 
It is a receptor for agrin to mediate neuromuscular junction for-
mation and stability (Kim et al., 2008; Zhang et al., 2008; Wu 
et al., 2012; Zong et al., 2012; Shen et al., 2014). It is also a 
receptor for sclerostin to negatively regulate bone homeostasis 
(Li et al., 2005; Semënov et al., 2005; Choi et al., 2009; Leupin 
et al., 2011; Xiong et al., 2015). Mutations in Lrp4 and sclerostin 
genes have been identified in patients with high bone mass, such 
as sclerosteosis and Van Buchem disease (Balemans et al., 2002; 
Loots et al., 2005; Semënov et al., 2005; Leupin et al., 2011). 
Deletion of Lrp4 or sclerostin gene in mice results in high-bone-
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mass deficits (Chang et al., 2014; Ryan et al., 2015; Xiong et 
al., 2015). Lrp4 deficiency in OB-lineage cells promotes bone 
formation by attenuating sclerostin inhibition of Wnt–β-catenin 
signaling and OB differentiation (Chang et al., 2014; Xiong et 
al., 2015). Interestingly, Lrp4-deficiency in OB-lineage cells 
also impairs OC-mediated bone resorption (Xiong et al., 2015). 
However, the underlying mechanisms remain unclear.

Here, we show that osteoblastic Lrp4 suppresses prorenin 
receptor (PRR)/V-ATPase–dependent vesicular ATP release, 
thus decreasing extracellular ATP derivatives, pyrophosphate 
(PPi), and adenosine. Inactivation of adenosine–adenosine-2A 
receptor (A2AR) signaling in Lrp4 mutant mice diminished 
the OC genesis deficit and reduced trabecular bone mass. Ac-
tivation of A2AR signaling in BMMs decreased RANK levels. 
These results reveal unrecognized function of osteoblastic Lrp4 
to negatively regulate PRR/V-ATPase activity, demonstrate im-
portant roles for osteoblastic ATP release and adenosine-A2AR 
signaling in suppression of RAN​KL-driven osteoclastogenesis, 
and reveal a novel mechanistic insight into intricate interaction 
between OBs and OCs in bone homeostasis.

Results

Reduced OC differentiation of BMMs from 
osteoblastic Lrp4 mutant mice
To explore mechanisms of how osteoblastic Lrp4 knockout re-
sults in an OC genesis deficit, we first tested whether this deficit 
could be rescued by treatment with RAN​KL, a crucial factor 
necessary for OC genesis that is reduced in Lrp4-deficient 
OB-lineage cells (Xiong et al., 2015). BMMs were treated with 
exogenous RAN​KL to induce OC differentiation (Fig.  1  A). 
BMMs from control mice formed OC-like, tartrate-resistant 
acid phosphatase (TRAP)+ multinuclei cells (MNCs) at day 7 
of treatment (Fig. 1 B). However, the number of TRAP+ MNCs 
was much lower in BMMs from mr-Lrp4mitt (muscle-rescued 
Lrp4-null mutant) mice, even after treatment with 100 ng/ml 
RAN​KL, a concentration four times the sufficient dose of 25 
ng/ml, for 7 d (Fig. 1, B and C), suggesting an OC differenti-
ation deficit. Such a deficit was also observed in BMMs from 
OB-selective conditional knockout (Lrp4Ocn-cko) mice (or Lrp-
4f/f; osteocalcin [Ocn]–Cre; Fig. 1, D–G). The OC differentia-
tion deficit was detected in BMMs from 3-mo-old mice (Fig. 1, 
F and G), but not 1-mo-old mice (Fig. 1, D and E), in agreement 
with the time of Ocn promoter activation and thus Lrp4 condi-
tional knockout (Zhang et al., 2002; Xiong et al., 2015). In addi-
tion, this deficit was detected on day 7, but not day 14, of RAN​
KL treatments during the OC differentiation assay (Fig.  1, F 
and G). These results indicate a transient RAN​KL-induced OC 
differentiation deficit in BMMs from OB-Lrp4 mutant mice, 
suggesting an unexpected mechanism.

Next, we performed FACS analyses to determine whether 
the number of OC progenitor cells in BMMs from OB-Lrp4 
mutant mice was reduced. BMMs isolated from 3-mo-old mice 
were sorted with antibodies against CD11b (a macrophage/
monocyte marker) and RANK (a receptor for RAN​KL ex-
pressed in OC progenitor cells; Fig. 1 A). Approximately 99% 
of BMMs of all genotypes were positive for CD11b (CD11b+; 
Fig.  1, H and I), indicating that they belong to macrophage/
monocyte cells. However, the percentage of RANK+ cells was 
significantly lower in BMMs from OB-Lrp4 mutant mice than 
in those of control mice (Fig. 1, H and J), suggesting a problem 

with OC progenitor cell production. In accord, the RANK pro-
tein level was markedly lower in BMMs from Lrp4 mutant mice 
than in control mice (Fig. 1, K and L). The level of c-Fms, a re-
ceptor for macrophage colony-stimulating factor (M-CSF), was 
similar between control and mutant BMMs, indicating normal 
development of macrophages. These results suggest that OB-
Lrp4 may promote the commitment of BMMs to RANK+ OC 
precursor cells in the bone marrow.

We then determined whether the conditioned medium 
(CM) of Lrp4-deficient OB-lineage cells contains an inhibitor 
of OC differentiation. We collected CMs from wild-type (WT) 
and OB-Lrp4 mutant bone marrow stromal cells (BMSCs); WT 
BMMs were treated with the different CMs for 7 d in the pres-
ence of M-CSF and RAN​KL and subjected to TRAP staining 
for OC formation (Fig. 1 M). As shown in Fig. 1 (N–O), the 
number of TRAP+ MNCs was lower in BMMs treated with 
Lrp4mitt-BMSC CM that in those treated with WT-BMSC CM. 
These results indicate that OB-Lrp4 mutant BMSCs regulate 
OC genesis via secretable factors (Fig. 1 P).

Increased ATP, PPi, and adenosine in 
extracellular compartments of Lrp4-
deficient OB-lineage cells
To identify the secretable factors that inhibit OC genesis, we 
first examined levels of SOST and Wise in CMs of WT and 
Lrp4-deficient BMSCs, because both SOST and Wise are be-
lieved to be Lrp4 ligands important for bone homeostasis and 
their serum levels are increased in Lrp4 mutant mice (Ahn et 
al., 2013; Chang et al., 2014; Xiong et al., 2015; Fijalkowski 
et al., 2016). As shown in Fig. 2 (A and B), the levels of both 
SOST and Wise were comparable in CMs of two genotypes of 
BMSCs, eliminating the possibility that SOST and Wise are in-
volved in OC differentiation inhibition.

We next measured PPi, because it is known to inhibit 
OC differentiation (Nishikawa et al., 1996; Baron et al., 2011; 
Burr and Russell, 2011; Russell, 2011). Intriguingly, levels 
of PPi were much higher in CMs of Lrp4 mutant BMSCs and 
OBs than in those of controls (Fig. 2 C). PPi is derived from 
ATP metabolism (Russell, 2011), and both ATP and ATP’s 
hydrolytic product adenosine are implicated in the regulation 
of OC genesis (Mediero and Cronstein, 2013; Idzko et al., 
2014). We thus determined whether ATP and adenosine in 
CMs were altered by Lrp4 deficiency. As shown in Fig. 2 (D 
and E), levels of both were also elevated in CMs of Lrp4-de-
ficient BMSCs and OBs compared with those of controls. 
Further characterization indicates that Lrp4-deficiency– 
mediated ATP increase in the extracellular compartment was 
time dependent, detectable at day 1, and peaked at day 3 
in cultures of Lrp4-deficient OB-lineage cells (Fig. S1 A). 
The mRNAs of CD39 and CD73, which produce enzymes 
of PPi and adenosine from ATP, respectively (Prosdocimo 
et al., 2009; Sauer et al., 2012; Mahamed et al., 2015), were 
unchanged in Lrp4-deficient OB-lineage cells (Fig. S1, B 
and C), suggesting that high levels of PPi and adenosine are 
caused by higher levels of ATP.

To understand how Lrp4 deficiency in OB-lineage cells 
results in higher levels of ATP in their extracellular compart-
ments, we measured total intracellular ATP levels and exam-
ined mitochondrial respiratory capacity, an event critical for 
intracellular ATP synthesis. The total intracellular ATP levels 
in Lrp4 mutant BMSCs and OBs were unchanged compared 
with those of controls (Fig. 2 F). However, using the Seahorse 
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platform to measure oxygen consumption rates (OCRs) and 
mitochondrial respiratory capacity in real time, we detected 
higher rates of both basal oxygen consumption and maximal 
respiratory capacity, which were induced by the mitochondrial 
uncoupler FCCP (carbonyl cyanide-p-trifluoromethoxyphenyl-
hydrazone) in Lrp4-deficient OBs than in those of controls 
(Fig. 2, G and H). No difference in oxygen consumption was 
observed after treatment of cells with oligomycin, an inhibitor 

of ATP synthase (Fig. 2, G and H). These results thus indicate 
hyperfunctional mitochondria in Lrp4-deficient OBs, in line 
with the previous studies of hyper-OB function in Lrp4 mutant 
mice (Chang et al., 2014; Xiong et al., 2015).

Collectively, these observations support the notion 
that Lrp4 deficiency in OB-lineage cells increases both ATP 
synthesis and secretion, which then increases levels of PPi 
and adenosine (Fig. 2 I).

Figure 1.  Reduced OC differentiation in BMMs from osteoblastic Lrp4 mutant mice or BMMs treated with CM of Lrp4-deficient OB-lineage cells. (A–G) 
TRAP staining analysis of cultured OCs derived from BMMs of different genotypes. (A) Experimental strategy. Cells were treated with 100 ng/ml RAN​
KL for 7 or 14 d as indicated. Representative images are shown in B, D, and F, and quantitative data of TRAP+ multinuclei cells (MNCs; more than three 
nuclei) per randomly selected visual field are shown in C, E, and G. Bars, 100 µm. Data represent mean ± SD from three different cultures; *, P < 0.05. 
(H) FACS analysis of primary BMMs. Bone marrow was isolated from the indicated mice and incubated overnight. BMMs were isolated from nonadherent 
cells by Ficoll-Hypaque gradient centrifugation and analyzed by FACS with antibodies against CD11b and RANK. (I and J) Quantitative data of FACS 
analysis. Data represent mean ± SD, n = 3; *, P < 0.05. (K and L) Western blot analysis of RANK and c-Fms expression in BMMs from indicated mice. Data 
represent mean ± SD, n = 3; *, P < 0.05. (M–O) TRAP staining of WT BMMs in the presence of CM of WT or Lrp4mitt BMSCs. (M) Experimental strategy. 
(N) Representative images. Bar, 100 µm. (O) Quantitative data of TRAP+ MNCs in N. Data represent mean ± SD, n = 3; *, P < 0.05. (P) Illustration of a 
working model. Lrp4-deficient OB-lineage cells release secretable factors to reduce OC differentiation.
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Inhibition of adenosine-A2AR signaling 
diminishes the OC differentiation deficit
PPi is known to inhibit not only OC genesis but also bone 
mineralization (Nishikawa et al., 1996; Russell, 2011; Or-
riss et al., 2013). However, previous studies, including ours, 
have demonstrated an increased bone mineralization in 
Lrp4 mutant mice (Leupin et al., 2011; Chang et al., 2014; 
Xiong et al., 2015). Serum levels of PPi were comparable 
between Lrp4 mutant mice and control mice (Fig. S1 D). 

These results suggest that PPi may play little to no role in 
Lrp4-deficient mice, although it was increased in cultured 
Lrp4-deficient OB-lineage cells.

Activation of adenosine receptor A2AR has been shown to 
inhibit OC genesis (Mediero and Cronstein, 2013). We thus de-
termined whether adenosine-A2AR signaling is involved in the 
OC genesis deficit by Lrp4 mutation. WT BMMs were treated 
with CMs of control and Lrp4 mutant BMSCs in the presence of 
SCH58261, an A2AR antagonist (Fig. 3 A). As shown in Fig. 3 

Figure 2.  Increased levels of ATP, PPi, and adenosine in CMs of Lrp4-deficient OB-lineage cells. CMs of Lrp4-deficient BMSCs or OBs were subjected 
to the indicated analyses as detailed in Materials and methods. (A and B) No changes in SOST or Wise levels were detected. Data represent mean ± 
SD, n = 3. (C–E) Increased ATP, PPi, and adenosine levels were detected. PPi, ATP, and adenosine levels were measured in the same amounts of culture 
medium that were collected from the same number of control and mutant cells plated on culture dishes for 3 d. The protein concentrations (in milligrams) 
of cell lysates were also determined and used to normalize the concentrations (in nanomoles per milliliter) of PPi, ATP, and adenosine. Data represent 
mean ± SD, n = 3; **, P < 0.001. (F) Intracellular ATP levels in lysates of Lrp4-deficient BMSCs or OBs. Data represent mean ± SD, n = 3; **, P < 0.001. 
(G and H) An increased oxygen consumption rate (OCR) was detected in Lrp4-deficient OBs by using a Seahorse XF96 analyzer. For validation of the 
measurements, we used the ATP synthase inhibitor 2 µM oligomycin after recording a basal line, followed by treatment with 3 µM of the pharmaceutical 
uncoupler FCCP and 1 µM of the complex I inhibitor rotenone. Representative traces of OCRs are indicated in G, and quantification data (mean ± SEM,  
n = 3; *, P < 0.05) are presented in H. (I) Illustration of a model where Lrp4 deficiency in OB-lineage cells increased ATP secretion, consequently elevating 
PPi and adenosine levels.
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(B and C), in vitro OC genesis (TRAP+ MNC formation) was 
impaired when treated with CM of Lrp4-deficient BMSCs; this 
effect was diminished by SCH58261. In contrast, A740003, an 
antagonist of the P2X7 receptor (P2X7R), showed little effect on 
the formation of TRAP+ MNCs (Fig. 3, B and C). These results 
suggest that inhibition of adenosine-A2AR signaling could di-
minish the OC genesis deficit.

To test this hypothesis in vivo, Lrp4Ocn-cko mice at age 
postnatal day 70 were treated with SCH58261 (i.p., 2 mg/kg,  
daily) for 5 wk (Fig. 4 A), and their long bone samples were 
subjected to micro–computed tomography (µCT) analysis 
5 wk later. As shown in Fig.  4 (B and C), SCH58261 re-
duced trabecular bone mass in Lrp4Ocn-cko mice compared 
with vehicle controls. This effect appeared to be selective, 
as SCH58261 did not affect cortical BV (Fig.  4, B and C) 
and had a lesser effect on control (Ocn-Cre) mice (Fig.  4, 
B and C). Although SCH58261 increased TRAP+ OCs and 
levels of serum pyridinoline (PYD) and calcium (markers 
of bone resorption; Fig. 4, D–G), it had no effect on serum 
Ocn levels (Fig. 4 H). In addition, although SCH58261 fully 
restored the number of TRAP+ cells in trabecular bone re-
gions of Lrp4Ocn-cko mice (Fig. 4, D and E), its rescue effect 
on bone resorption (measured by serum levels of PYD and 
calcium) appeared to be partial (Fig. 4, F and G). These re-
sults indicate that inhibiting A2AR improves OC formation 
and activation in Lrp4 mutant mice. As a control, treatment 
of Lrp4Ocn-cko mice with A740003 (i.p., 2.75 mg/kg; Fig. S2, 
A–E) had no effect on bone resorption markers (TRAP+ OC 
and serum PYD; Fig. S2, F–H), in agreement with in vitro 
studies (Fig. 3, B and C). However, the treatment decreased 
trabecular bone mass (Fig. S2, B and C) and levels of serum 
Ocn (Fig. S2 I), a marker of bone formation. These results 
indicate that SCH58261 and A740003 have differential ef-
fects on OC-mediated bone resorption and OB-mediated 
bone formation in Lrp4 mutant mice and provide additional 
evidence for adenosine-A2AR signaling in OC formation and 
activation in Lrp4Ocn-cko mice.

To further explore A2AR’s function in the OC genesis defi-
cit by Lrp4 mutation, we crossed Lrp4Ocn-cko mice with A2AR-
null (A2AR-KO) mice. The resulting Lrp4Ocn-cko;A2AR-KO 
mice were subjected to µCT analysis and used for an in vitro 
OC genesis assay. Indeed, µCT analysis showed a reduced tra-
becular bone mass in Lrp4Ocn-cko;A2AR-KO mice compared 
with Lrp4Ocn-cko mice (Fig. 5, A and B), in agreement with the 
results of SCH58261 treatment. A marked reduction of trabec-
ular bone mass was detected in A2AR-KO mice compared with 
WT controls (Fig. 5, A and B), in line with previous studies 
(Mediero et al., 2012, 2013). TRAP+ cells and bone resorption 
(serum PYD) were elevated in Lrp4Ocn-cko;A2AR-KO mice 
compared with Lrp4Ocn-cko mice (Fig. 5, C–F). In agreement, 
in vitro OC genesis assays showed that the number of TRAP+ 
MNCs was higher in Lrp4Ocn-cko;A2AR-KO BMMs than in 
Lrp4Ocn-cko BMMs (Fig. 6, A and B). These results suggest 
a negative role of A2AR in OC differentiation in vitro and in 
vivo. Intriguingly, whereas A2AR-KO had little effect on RAN​
KL/OPG expression in BMSCs (Fig.  6, C and D), Western 
blot and FACS analyses demonstrated that it restored RANK 
levels in BMMs from Lrp4Ocn-cko mice (Fig. 6, E–H). These 
results suggest that A2AR may inhibit OC genesis by sup-
pressing RANK signaling and/or the commitment of BMMs 
to RANK+ OC precursor cells in the bone marrow. This 
view was further supported by the finding that treatment of 

WT BMMs with high concentrations of 150  µM adenosine 
decreased RANK levels, and this decrease was prevented by 
SCH58261 (Fig. 6, I and J).

In aggregate, these results suggest that the impairment in 
OC genesis (including commitment of BMMs to RANK+ OC 
precursor cells, OC formation, and activation) in Lrp4 mutant 
mice is likely caused by increased adenosine-A2AR signaling.

Figure 3.  Blocking A2AR using SCH58261 diminished the OC genesis defi-
cits caused by Lrp4mitt CM. (A) Experimental strategy. TRAP staining of WT 
BMMs that were treated with CM of WT or Lrp4mitt BMSCs. PBS control,  
10 nM A740003, or 25 nM SCH58261 was added to the culture medium 
before BMM treatments. (B) Representative images of the cultures treated 
with CM plus RAN​KL for 7 d. Bar, 150 µm. (C) Quantitative analyses of 
TRAP+ multinuclei cells (MNCs) per field. Mean ± SD values from three 
different cultures are shown. *, P < 0.05.
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Elevated V-ATPase–driven vesicular ATP 
loading and release in Lrp4-deficient OB-
lineage cells
We next investigated the mechanisms by which osteoblastic 
Lrp4 regulates ATP release. First, we characterized the inhib-

itory effect of various chemicals on ATP release from Lrp4 
mutant BMSCs. Because vesicular ATP release is thought to 
contribute to extracellular ATP levels in OBs (Orriss et al., 
2009, 2013), we initially tested the effect of bafilomycin 
A1 (BafA1), an inhibitor of V-ATPase. At commonly used 

Figure 4.  Blocking A2AR by SCH58261 diminished high-bone-mass deficit in Lrp4Ocn-cko mice. (A) Experimental strategy. Postnatal day 70 (P70) control 
(Ocn-Cre) and Lrp4Ocn-cko mice were administered a once-daily intraperitoneal injection of 2 mg/kg SCH48261 or vehicle (0.9% sodium chloride) for 
5 wk. The femurs and sera samples collected after treatments were subjected to µCT and ELI​SA/RIA assays, respectively. (B and C) The µCT analysis of 
femurs from control and Lrp4Ocn-cko littermates. Five different male mice of each genotype per group were examined blindly. Representative 3D images are 
shown in B. Quantification analyses (n = 5) of trabecular bone (TB) volumes over total volumes (BV/TV), TB thickness (TB. Th), TB space (Tb. Sp), cortical 
bone (CB) BV/TV, CB cavity, and femur length by direct model of µCT analysis are presented in C. Data were analyzed by two-way ANO​VA; *, P < 0.05. 
(D and E) TRAP staining analysis of femur sections. Bar, 100 µm. Quantification analysis is shown in E as mean ± SD (n = 5 femur samples for each group). 
(F–H) RIA analysis of serum pyridinoline (PYD) and osteocalcin (Ocn) levels, and colorimetric analysis of serum calcium levels. Values are presented as 
mean ± SD (n = 5). *, P < 0.05.
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concentrations (e.g., 100 nM; Bowman et al., 1988; Zhang et 
al., 1994; Robinson et al., 2004), BafA1 inhibited ATP release 
from WT BMSCs, which may have complicated the interpre-
tation of results from Lrp4 mutant BMSCs (Fig. 7 A). At 10 
nM, however, BafA1 had no effect on ATP release from WT 
BMSCs (Fig.  7  A); in contrast, it abolished increased ATP 
release from Lrp4 mutant BMSCs (Fig. 7 A), suggesting an 
enhanced V-ATPase–dependent ATP release. The proton gra-
dient is important for ATP loading into lysosomes (Coco et al., 
2003; Tokunaga et al., 2010). To test the hypothesis further, 
Lrp4 mutant BMSCs were treated with chloroquine (a lyso-

somotropic agent that buffers pH in lysosomes; Chen et al., 
2011). At a concentration of 5 µM, which had no effect on ATP 
release from WT BMSCs, chloroquine inhibited ATP release 
from Lrp4 mutant BMSCs (Fig. 7 B), further supporting the 
hypothesis. P2X7R has been implicated the release of ATP re-
lease in an autocrine manner (King, 2007; Takai et al., 2014). 
However, treatment of Lrp4 mutant BMSCs with A740003 
had no effect on ATP release (Fig. 7 C). Similar results were 
also observed in Lrp4 mutant OBs (Fig. S3 A). These results 
suggest that Lrp4 deficiency in OB-lineage cells may increase 
V-ATPase–dependent ATP release.

Figure 5.  Diminished high-bone-mass phenotype in Lrp4Ocn-cko mice by A2AR knockout. The femurs and sera samples collected from 3-mo-old control 
(Ocn-Cre), A2AR-KO, Lrp4Ocn-cko, and Lrp4Ocn-cko;A2AR-KO mice were subjected to µCT and ELI​SA/RIA analyses. (A and B) µCT analysis. Five different 
male mice of each genotype per group were examined blindly. Representative 3D images are shown in A. Quantification analyses of trabecular bone (TB) 
volumes over total volumes (BV/TV), TB thickness (TB. Th), TB space (Tb. Sp), cortical bone (CB) BV/TV, CB cavity, and femur length by direct model of µCT 
analysis are presented in B. Data were analyzed by two-way ANO​VA; *, P < 0.05. (C and D) TRAP staining analysis. Representative images are shown 
in C. Bar, 50 µm. Quantification analysis (mean ± SD, n = 5 femur samples for each group) are shown in D. (E–G) RIA analyses of serum PYD and Ocn, 
and colorimetric analysis of serum calcium levels. Values are presented as mean ± SD (n = 5). *, P < 0.05.
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Second, we measured the activity of V-ATPase in WT and 
Lrp4 mutant BMSCs using in vitro ATP hydrolysis assay. As 
shown in Fig. 7 D, V-ATPase was more active in Lrp4-deficient 
cells than in controls. Third, we measured the pH in lysosomes, 
because V-ATPase is a proton pump that is essential for the 
vesicular proton gradient and acidification (Bankston and Gui-
dotti, 1996; Rudnick, 2008; Wang and Hiesinger, 2013), and 
the proton gradient controls vesicular ATP loading (Coco et al., 

2003; Tokunaga et al., 2010). As shown in Fig.  7 (E and F), 
vesicular fluorescence of LysoSensor (a pH sensor) was higher 
in Lrp4-deficient BMSCs than in controls, indicating increased 
vesicular acidification and providing additional support for 
elevated V-ATPase activity in Lrp4-deficient BMSCs. Using 
quinacrine and LysoTracker, which label vesicular ATP and ly-
sosomal vesicles, respectively (Cao et al., 2014; Huang et al., 
2014), we compared vesicular ATP levels between control and 

Figure 6.  Reduced OC genesis deficits in Lrp4Ocn-cko 
mice by A2AR knockout. (A and B) TRAP staining analy-
sis. BMMs of 3-mo-old control (Ocn-cre), A2AR-KO, 
Lrp4Ocn-cko, and Lrp4Ocn-cko;A2AR-KO mice were cul-
tured for 7 d in the presence of 100 ng/ml RAN​KL and 
M-CSF. Representative images are shown in A. Bar, 
100 µm. Quantitative analyses of TRAP+ multinuclei 
cells (MNCs) per field are presented in B. Shown are 
mean ± SD values from three different cultures. *, P 
< 0.05. (C) Western blot analysis of Lrp4 and A2AR 
expression in BMSCs derived from control (Ocn-cre), 
Lrp4Ocn-cko, and Lrp4Ocn-cko;A2AR-KO mice. (D) Re-
al-time PCR analysis of RAN​KL and OPG expression 
in BMSCs derived from the indicated mice. Data are 
shown as mean ± SD, n = 3; *, P < 0.05. (E and F) 
Western blot analysis of RANK and c-Fms expression 
in BMMs from indicated mice. Data are shown as 
mean ± SD, n = 3; *, P < 0.05. (G and H) FACS anal-
ysis of primary BMMs. Bone marrow isolated from the 
indicated mice was incubated overnight in the pres-
ence of M-CSF. BMMs isolated from nonadherent cells 
by Ficoll-Hypaque gradient centrifugation were ana-
lyzed by FACS with antibodies against RANK. Quanti-
tative data (mean ± SD, n = 3; *, P < 0.05) are shown 
in H. (I and J) BMMs derived from 3-mo-old WT mice 
were treated with the indicated agents (150 µM ade-
nosine, 25 nM SCH58261) in the presence of M-CSF 
for 6 d, and culture media were changed every day. 
Cell lysates were subjected to Western blot analyses 
with the indicated antibodies. Representative blots 
are shown in I, and quantitative results (mean ± SD,  
n = 3; *, P < 0.05) are presented in J.
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Figure 7.  Elevated v-ATPase–driven vesicular ATP loading and release in Lrp4-deficient OB-lineage cells. (A–C) Primary cultured WT and Lrp4-deficient BMSCs 
were treated with sham (PBS), BafA1, chloroquine, or A740003 at the indicated dose. After 2-h treatment, ATP levels in the culture medium were measured 
using a bioluminescence detection kit. Mean ± SD values from three different experiments are shown. *, P < 0.05. (D) Increased V-ATPase activity in Lrp4- 
deficient BMSCs. Mean ± SD values from experiments using three different preparations are shown. *, P < 0.05. (E and F) Increased vesicular acidification 
in Lrp4-deficient BMSCs. The green fluorescence intensity of LysoSensor was measured by ImageJ (mean ± SD; n = 20). Bar, 10 µm. *, P < 0.05. (G and 
H) Increased ATP loading in Lrp4-deficient BMSCs. ATP-containing vesicles were labeled with quinacrine (green channel), and lysosomes were stained with 
LysoTracker DND-99 (red channel). Bar, 10 µm. Quantification analysis is shown in H. Mean ± SD, n = 20; **, P < 0.001. (I and J) Primary cultured WT and 
Lrp4-deficient BMSCs were treated with 5 nM bafilomycin A1 (BafA1) for 1 h. Quinacrine and LysoTracker DND-99 were added. Fluorescence microscopy 
was undertaken to monitor quinacrine and LysoTracker staining. Bar, 10 µm. Quantification analysis is shown in J. Mean ± SD, n = 20; *, P < 0.05. (K) Illus-
tration of a working model in which Lrp4 deficiency in OB-lineage cells increases V-ATPase activity, consequently enhancing vesicular ATP loading and release.
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Lrp4-deficient BMSCs. The quinacrine signal was largely co-
localized with LysoTracker in both control and Lrp4-deficient 
BMSCs (Fig.  7  G), in line with studies of ATP in lysosomal 
vesicles (Cao et al., 2014; Huang et al., 2014). More quinacrine- 
labeled ATP vesicles were detected in Lrp4-deficient BMSCs 
than in control cells (Fig. 7, G and H), indicating elevated ve-
sicular ATP loading. Similar results were also detected in Lrp4- 
deficient OBs (Fig. S3, B–D). Moreover, both quinacrine-ATP 
and LysoTracker fluorescence signals were V-ATPase activity 
dependent, as treatment with 5 nM BafA1 largely reduced their 
fluorescence (Fig.  7, I and J). Together, these results support 
a working model (Fig. 7 K) in which Lrp4 deficiency in OB- 
lineage cells increases V-ATPase activity and thus enhances ve-
sicular ATP loading and release.

PRR in ATP release from Lrp4-deficient 
OB-lineage cells
PRR, also known as ATPase H+-transporting lysosomal ac-
cessory protein 2 (ATP6AP2), is an accessory subunit of the 
V-ATPase (Cruciat et al., 2010; Ichihara, 2012; Rousselle et 
al., 2014; Trepiccione et al., 2016). To understand how osteo-
blastic Lrp4 regulates V-ATPase, we compared their levels in 
control and Lrp4-deficient BMSCs. Remarkably, levels of both 
PRR and V-ATPase A1 were higher in Lrp4-deficient BMSCs 
than in those of controls (Fig. 8, A and B). The PRR increase 
was also detected in Lrp4-deficient OBs (not depicted) and 
MC3T3 cells (an OB cell line), whose Lrp4 expression was 
suppressed by miRNA (Fig. 8, C and D). The increase in PRR 
or V-ATPase A1 levels was not caused by altered transcription, 
as their mRNA levels were similar in mutant and control cells 
(Fig. S4, A and B), implicating a posttranscriptional regula-
tion. Indeed, PRR appeared to be more stable in Lrp4-deficient 
BMSCs, with a half-life of ∼4 h, twice longer than that of con-
trol cells (Fig.  8, E and F). We further examined PRR levels 
in MC3T3 cells overexpressing Lrp4. The PRR fluorescence 
signal was lower in cells expressing exogenous Lrp4 than in 
untransfected cells (Fig. 8, C and D). These results suggest that 
Lrp4 in OB-lineage cells is necessary and sufficient for PRR 
down-regulation or degradation.

To determine if increased PRR levels enhance ATP load-
ing and release, MC3T3 cells were transfected with PRR and 
mCherry. In MC3T3 cells that were positive for exogenous 
PRR, there was stronger signal of quinacrine staining, com-
pared with untransfected cells or cells transfected with control 
vector (Fig. 9, A and B), suggesting that a high level of PRR 
is associated with vesicular ATP loading. In accord, acidi-
fication was increased in these cells (Fig.  9, A and C). Next, 
we infected MC3T3 cells with lentiviral particles encoding 
shRNA-PRR, which was able to reduce PRR level in infected 
cells (Fig. S4, C and D). Reducing PRR levels in MC3T3 
cells reduced quinacrine staining when compared with con-
trol cells (Fig. 9, D and E), indicating compromised vesicular 
ATP loading. The shRNA-PRR viral infection of Lrp4-deficient 
BMSCs also reduced ATP level in the CM (Fig. 9, F and G), 

Figure 8.  Increased PRR protein stability in Lrp4-deficient OB-lineage 
cells. (A and B) Western blot analysis of indicated protein expression in 
BMSCs derived from 1-mo-old control and mr-Lrp4mitt mice. Quantification 
analysis (mean ± SD; n = 3) is presented in B. *, P < 0.05. (C and D) 
Immunostaining analysis of PRR in MC3T3 cells transfected with the indi-
cated plasmids. Representative images are shown in C. Transfected cells 
are marked with a white dotted line. Bar, 10 µm. Quantification analysis 
(mean ± SD, n = 20 cells from three different assays; *, P < 0.05) is shown 

in D. (E and F) Time-course analysis of PRR protein levels after cyclohexi-
mide (CHX) treatment. Primary cultured BMSCs from 3-mo-old control and 
Lrp4Ocn-cko mice were treated with 50 µg/ml CHX for the indicated time. 
PRR protein levels were analyzed by Western blotting. Representative blots 
are shown in E, and quantification analysis (mean ± SD from three sepa-
rate experiments; *, P < 0.05) is presented in F.
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and the CM was less effective in causing OC genesis deficits 
(Fig. 9, H–J). Collectively, these results demonstrate that PRR 
is necessary and sufficient for vesicular ATP loading and re-
lease, revealing a mechanism of elevated ATP release in Lrp4- 
deficient OB-lineage cells.

Critical role of the interaction between 
Lrp4 and PRR in Lrp4 down-regulation of 
PRR and V-ATPase activity
To understand how Lrp4 down-regulates PRR, we first deter-
mined whether the two proteins form a complex. HEK293 cells 
were transfected with Flag-Lrp4 and V5-PRR, and cell lysates 
were subjected to precipitation with anti-Flag antibody. PRR 
was detected in precipitates by anti-Flag antibody, but not those 
precipitated by a nonspecific IgG, suggesting PPR and Lrp4 
may form a complex (Fig. S5). To map the domain in Lrp4 to 
interact with PPR, HEK293 cells were transfected with V5-PRR 
and a series of Lrp4 deletion mutants (Fig. 10, A and B). As 
with full-length Lrp4, its extracellular domain was required and 
sufficient to coimmunoprecipitate with V5-PRR (Fig.  10  B). 
The interaction was not altered by deleting LDLa (LDLR-A) or 
the β1 propeller domain, suggesting that these regions are not 
necessary for interaction. However, deleting β1234 (LDLR-B) 
or the β12 propeller domains abolished Lrp4’s interaction with 
PRR (Fig. 10 B). These results indicate a role of the β12 propel-
ler domains in forming a complex with PRR.

It is of interest to note that syndactyly cattle or teeth ab-
normality patients possess two point mutations, G907R and 
L953P, in the β2 propeller domain (Drögemüller et al., 2007; 
Khan et al., 2013). Interestingly, L953P mutation reduced 
the interaction with PRR when compared with WT Lrp4 
(Fig. 10 C). Next, we determined whether the Lrp4 interaction 
is critical for PRR stability. Full-length Lrp4, when expressed 
in MC3T3 cells, reduced endogenous PRR; in contrast, this ef-
fect was not observed in Lrp4 mutants that are unable to in-
teract with PRR (including Lrp4Δβ12, ΔLDLR-B, or L953P; 
Fig.  10 A, D, and F; and not depicted). Consistently, the ex-
pression of Lrp4 in MC3T3 cells also decreased vesicular ATP 
loading; this effect was undetectable in MC3T3 cells expressing 
Lrp4 mutants unable to interact with PRR (e.g., Lrp4Δβ12 and 
L953P; Fig. 10, A, E, and G). These results indicate that Lrp4 
suppresses vesicular ATP loading and release by interacting 
with and thus down-regulating PRR.

Discussion

In this paper, we investigated the molecular mechanism by 
which osteoblastic Lrp4 regulates OC genesis and function. 
We found first that Lrp4 deficiency in OB-lineage cells in-
creased the PRR/V-ATPase activity and vesicular ATP release, 
elevating levels of PPi and adenosine in the extracellular com-
partment. Second, both pharmacological blocking and genetic 
ablating A2AR diminished the OC genesis deficit in Lrp4 mu-
tant mice, demonstrating a critical role for adenosine-A2AR 
signaling in the inhibition of OC genesis. Third, Lrp4 in-
teracted with PRR and was necessary for PRR degradation. 
These results support a working model depicted in Fig. 10 H, 
where Lrp4 in OB-lineage cells promotes OC genesis and 
bone resorption by controlling PRR/V-ATPase–driven vesic-
ular ATP release and thus maintaining extracellular levels of 
ATP and its derivative, adenosine.

When Lrp4 is mutated in OB-lineage cells, the PRR level 
is increased, which enhances vesicular ATP loading and release 
and levels of PPi and adenosine in the extracellular compart-
ment. We propose that adenosine-A2AR signaling may underlie 
impaired OC genesis via osteoblastic Lrp4 deficiency for the 
following reasons. First, inhibition of A2AR signaling by its an-
tagonist, SCH58261, but not A740003, an antagonist of ATP-
P2X7R, was capable of restoring OC genesis and bone resorption 
in Lrp4 mutant mice (Figs. 3, 4, and S2). Second, knocking out 
A2AR in Lrp4 mutant mice diminished the OC genesis deficits 
and restored RANK levels and RANK-mediated OC differentia-
tion (Figs. 5 and 6). Third, the idea that adenosine-A2AR signal-
ing suppresses OC genesis and function is also in line with the 
previous findings that activation of A2AR by agonist CGS21680 
inhibits OC differentiation and function in culture and in vivo 
(Mediero et al., 2012, 2013), inhibiting A2AR enhances RAN​
KL-induced OC genesis (Mediero and Cronstein, 2013), and 
A2AR mutant mice exhibit marked reduction in bone density, 
with increased number and function of TRAP+ OCs (Mediero 
et al., 2012, 2013). Fourth, although the level of PPi, an inhibi-
tor of OC genesis, was increased in Lrp4-deficient OB-lineage 
cells, the presence of abundant tissue-nonspecific alkaline phos-
phatase or alkaline phosphatase in bone tissue (Orimo, 2010; 
Narisawa et al., 2013) may prevent its accumulation and inhib-
itory effect in Lrp4 mutant mice. In line with this view, serum 
levels of PPi are unchanged in Lrp4 mutant mice (Fig. S1 D), 
and PPi’s inhibitory effect on bone mineralization (Nishikawa 
et al., 1996; Baron et al., 2011; Burr and Russell, 2011; Russell, 
2011) is undetectable in Lrp4 mutant mice (Leupin et al., 2011; 
Chang et al., 2014; Xiong et al., 2015). Finally, other adenosine 
receptors, such as A1R, A2BR, and A3R, are unlikely to inhibit 
OC genesis and function (Mediero and Cronstein, 2013). In 
contrast, activation of A1R increases OC genesis and function 
(Mediero and Cronstein, 2013).

In addition to adenosine-A2AR signaling, the mecha-
nisms of OC genesis deficits in Lrp4 mutant mice may be com-
plex. We previously detected a reduced RAN​KL/OPG ratio in 
mr-Lrp4mitt and Lrp4Ocn-cko mutant mice, which may also im-
pair OC genesis and bone resorption (Xiong et al., 2015). The 
results presented in Fig. 1 (F and G) suggest a delayed RAN​
KL-induced in vitro OC differentiation in BMMs from Lrp4 
mutant mice, which do not exclude RAN​KL/OPG’s contribu-
tion in vivo. In fact, the partial rescue of the bone resorption in 
Lrp4 mutant mice by inhibition of A2AR (Figs. 4 F and 5 E) sug-
gest that additional factors are involved in this event. Further-
more, increased DKK1 in Lrp4 mutant mice may also inhibit 
OC genesis by inhibiting Wnt5a-induced OC genesis (Baron 
and Kneissel, 2013). These alternative mechanisms warrant 
additional investigation.

Intriguingly, blocking P2X7R (by A740003), a primary 
receptor of ATP, diminished overgrowth of bone mass in Lrp4 
mutant mice (Fig. S2), suggesting a potential involvement of 
ATP activation of P2X7R in eventual phenotype manifestation. 
However, A740003 did not increase the number of TRAP+ cells 
or elevate bone resorption in Lrp4Ocn-cko mice (Fig. S2, F–H). 
Instead, serum Ocn levels were reduced in A740003-treated 
mice (Fig. S2 I). These observations suggest that the ATP-
P2X7R pathway may promote OB-mediated bone formation in-
stead of OC-mediated bone resorption.

PRR appears to be a multifunctional protein. It was ini-
tially identified as a PRR critical for renin signaling and function 
(Nguyen, 2011). It is also an important component of V-ATPase 

http://www.ncbi.nlm.nih.gov/protein/878113053
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Figure 9.  PRR is critical for ATP release from Lrp4-deficient OB-lineage cells. (A–C) Increased ATP loading and vesicular acidification in MC3T3 cells 
expressing V5-PRR. ATP-containing vesicles were labeled with quinacrine. The green fluorescent intensity of LysoSensor was measured by Image J (mean 
± SD; n = 20). Quantification analysis is shown in B and C. Bar, 10 µm. *, P < 0.05. (D and E) Decreased ATP loading in MC3T3 cells suppressing PRR. 
Cells were costained with LysoTracker DND-99 and quinacrine. White bar, 10 µm; and yellow bar, 5 µm. Quantification analysis is shown in E. Mean ± 
SD, n = 20; *, P < 0.05. (F) Western blot analysis of Lrp4 and PRR expression in control and PRR-KD BMSCs. BMSCs derived from 1-mo-old control and 
mr-Lrp4mitt mice were infected with control and shR-PRR lentiviruses. The cell lysates were subjected to the Western blot analysis using indicated antibodies. 
(G) Medium ATP levels in PRR-KD BMSCs. The values of mean ± SD from three different experiments were presented. *, P < 0.05. (H) Experimental strategy. 
TRAP staining of WT BMMs that were treated with CM of control or PRR-KD BMSCs. (I and J) TRAP staining analysis of OC cultures that were treated with 
CM plus RAN​KL for 7 d. Representative images are shown in I. Bar, 150 µm. Quantitative analysis of TRAP+ multinuclei cells (MNCs) per field is presented 
in J. Mean ± SD values from three different cultures are shown. *, P < 0.05.
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Figure 10.  Critical role of Lrp4’s interaction with PRR in Lrp4’s down-regulation of PRR and V-ATPase activity. (A) Illustration of various deletion mutants of 
Lrp4. (B and C) Coimmunoprecipitation analysis of Lrp4 and its mutant with PRR. HEK293T cells were transfected with the indicated plasmids. 48 h after 
transfection, ∼500 µg cell lysates was immunoprecipitated by anti-Flag M2-agarose. The resulting lysates were subjected to Western blot analysis using 
indicated antibodies. Approximately 50 µg cell lysates was used as an input. Data presented are representative of three independent experiments. (D and 
F) Effects of Lrp4 and its mutant on PRR levels in MC3T3 cells. MC3T3 cells transfected with mCherry plus Flag-Lrp4, Flag-Lrp4-dβ12, Flag-Lrp4-G907R, 
or Flag-Lrp4-L953P were fixed and immunostained with anti–PRR antibody. Representative images are shown in D. Transfected cells are marked with 
white line. Bar, 10 µm. Quantification analysis of data from D is shown in F. Mean ± SEM values (n = 20 cells from three different assays) are presented.  
*, P < 0.05. (E and G) Effects of Lrp4 and its mutant on ATP loading in MC3T3 cells. Bar, 10 µm. Quantification analysis is shown in G; mean ± SD; n = 20. 
*, P < 0.05. (H) Illustration of a working model. Lrp4 deficiency in OB-lineage cells increases PRR-associated V-ATPase activity in lysosomes, thus promot-
ing vesicle H+ gradient and acidification, accelerates vesicular ATP release, and elevates extracellular adenosine production, which inhibits OC genesis.
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(Nguyen, 2011; Ichihara, 2012; Rousselle et al., 2014; Trepic-
cione et al., 2016). Studies indicate that ATP release from OBs 
is primarily mediated by vesicular exocytosis (Genetos et al., 
2005; Orriss et al., 2009, 2013; Burnstock et al., 2013), which 
depends on the V-ATPase activity (Rudnick, 2008; Burnstock 
et al., 2013). Lrp4 deficiency in OB-lineage cells increases 
PRR-associated V-ATPase activity in endosomes and lyso-
somes and thus promotes vesicle H+ gradient and acidification 
and accelerates vesicular ATP release (Fig.  10  H). Recently, 
PRR/V-ATPase has been shown to regulate Wnt–β-catenin sig-
naling (Buechling et al., 2010; Cruciat et al., 2010). PRR in-
teracts with the Wnt receptors LRP6 and frizzled in HEK293 
cells, Xenopus laevis tadpoles, and Drosophila melanogaster 
(Buechling et al., 2010; Cruciat et al., 2010). Genetic inhibition 
of PRR or pharmacological inactivation of V-ATPase reduces 
Wnt canonical (β-catenin) and noncanonical (planar cell polar-
ity) signaling (Buechling et al., 2010; Cruciat et al., 2010). In 
contrast, Lrp4 may act as a sclerostin receptor, which could in-
hibit Wnt–β-catenin signaling (Leupin et al., 2011; Chang et al., 
2014; Xiong et al., 2015; Fijalkowski et al., 2016). Therefore, 
PRR/V-ATPase may be a convergence point for multiple path-
ways regulating bone homeostasis.

Materials and methods

Reagents and animals
Rabbit polyclonal antibodies, including PRR (HPA003156; Sigma- 
Aldrich), V-ATPase A1 (sc-28801; Santa Cruz Biotechnology, Inc.), 
pErk1/2 (4370S; Cell Signaling Technology), pAkt (4060P; Cell Sig-
naling Technology), c-Fms (M-CSF receptor antibody, #3152; Cell 
Signaling Technology), adenosine receptor A2a (ab3461; Abcam), and 
RANK (4845S; Cell Signaling Technology), were used. Mouse mono-
clonal antibodies, including Lrp4 (ECD) clone N207/27 (75–221; Uni-
versity of California, Davis/National Institutes of Health NeuroMab 
Facility), Flag (F1804; Sigma-Aldrich), V5 (V8012; Sigma-Aldrich), 
β-catenin (BD), and β-actin (A1978; Sigma-Aldrich), were used. Rat 
monoclonal antibodies, including anti-CD11b-FITC (SAB4700582-
100UG; Sigma-Aldrich) and PE anti–mouse RANK (119806; BioLeg-
end), were used. Secondary antibodies were purchased from Jackson 
ImmunoResearch Laboratories, Inc. Cycloheximide solution (C4859), 
A740003 (A0862), chloroquine (C6628), and quinacrine (Q3251) were 
obtained from Sigma-Aldrich. SCH58261 was obtained from Tocris 
Bioscience (2270), and BafA1 was obtained from Abcam (ab120497). 
LysoSensor Green DND-189 (L-7535) and LysoTracker Red DND-99 
(L7528) were obtained from Thermo Fisher Scientific. M-CSF and 
RAN​KL were gifts from X. Feng (University of Alabama at Birming-
ham, Birmingham, AL). Other chemicals and reagents used in this 
study were of analytical grade.

Lrp4mitt mice were obtained from L.A. Niswander (University 
of Colorado, Aurora, CO) and generated by using ENU (Weatherbee et 
al., 2006). Mice were crossed with human skeletal α-actin promotor- 
driven Cre transgenic mice to generate muscle rescued Lrp4 null 
allele (mr-Lrp4mitt). Generation, crossing, and genotyping of floxed 
Lrp4 mice were described previously (Wu et al., 2012). The floxed 
Lrp4 (Lrp4f/f) mice were crossed with Ocn-Cre transgenic mice to 
generate Lrp4Ocn-cko mutant mice. The Ocn-Cre mice were provided 
by T. Clemens (Johns Hopkins Medical School, Baltimore, MD) and 
X. Shi (Augusta University, Augusta, GA). A2AR-KO mice were ob-
tained from The Jackson Laboratory (stock number 010685). The 
mutant mice were backcrossed into C57BL/5J mice. All experimen-
tal procedures were approved by the Institutional Animal Care and 

Use Committee at Augusta University, according to National Insti-
tutes of Health guidelines.

Plasmids and lentiviruses
Original Lrp4 constructs were gifts from T. Suzuki (Shinshu University, 
Matsumoto, Japan). To generate Flag-Lrp4 and Flag-Lrp4 mutants, we 
amplified full-length Lrp4 and mutant Lrp4 cDNA by PCR from the 
original Lrp4 construct and subcloned the cDNA into pFlag-CMV1 
downstream of an artificial signal peptide sequence and a Flag epitope 
(Wu et al., 2012). G907R (GGA to CGA) and L953P (CTA to CCA) 
point mutations were made from the Flag-Lrp4 construct using the 
Phusion High-Fidelity PCR kit (E0553L; New England Biolabs, Inc.) 
and Restriction Endonucleases DpnI (R0176L; New England Biolabs, 
Inc.). Lrp4-miRNA construct miLrp4-1062 was generated using the 
BLO​CK-it Pol II miR RNAi expression vector kit (K4936-00; Invitro-
gen), which has been previously described and verified to be most po-
tent in inhibiting Lrp4 expression (Zhang et al., 2008). V5-PRR plasmid 
was purchased from DNA​SU (ATP6AP2 in pLX304, HsCD00446844). 
Renin receptor shRNA lentiviral particles (shR-PRR) were obtained 
from Santa Cruz Biotechnology, Inc. (sc-62935-V). The authenticity of 
all constructs was verified by DNA sequencing.

In vitro OB/OC lineage cell culture
Whole bone marrow cells were flushed from long bones of WT and 
Lrp4-deficient mice and plated on 100-mm culture plates in DMEM 
containing 1% penicillin/streptomycin (P/S) and 10% FBS for 2 d. For 
OB-lineage culture, plates with adherent cells were replaced with fresh 
culture medium every 3 d. After 7 d of passaging by trypsin digestion, 
1 × 104/cm2 BMSCs were plated for experiments. For OC lineage cul-
ture, nonadherent cells were harvested and subjected to Ficoll-Hypaque 
gradient centrifugation for purification of BMMs. Cells were plated on 
100-mm culture dishes in α-MEM containing 10% FBS, 1% P/S, and 
10 ng/ml recombinant M-CSF.

For osteoclastogenesis, 5 × 104 BMMs were incubated with OC 
differentiation medium containing 10 ng/ml recombinant M-CSF and 
100 ng/ml recombinant RAN​KL. Mature OCs began to form at day 4 
to 5 after RAN​KL treatment. The cells were then subjected to TRAP 
staining to confirm their OC identity.

For CM treatment, BMSCs were plated on 100-mm tissue cul-
ture plates in α-MEM containing 10% FBS and 1% P/S. BMMs de-
rived from WT mice were placed onto presterilized glass coverslips 
on 12-well plates. CM from OB-lineage cells plates plus 10 ng/ml re-
combinant M-CSF and 100 ng/ml recombinant RAN​KL were added to 
12-well plates containing BMM every day. After 7 d, cells were sub-
jected to TRAP staining.

Primary OB cultures were prepared from long bones of 1-mo-
old WT/mr-Lrp4mitt or 3-mo-old Ocn-Cre/Lrp4Ocn-cko mice. In brief, 
small bone pieces were incubated in collagenase solution to remove 
all remaining soft tissue and adhering cells and then transferred to 
60-mm culture dishes containing DMEM medium supplemented 
with 10% FBS, 1% P/S, 10  mM β-glycerophosphate, and 50  µM 
L-ascorbic acid-2-phosphate. Culture medium was replaced three 
times per week. Bone cells started to migrate from the bone chips after 
3–5 d. After 2 wk, the monolayer was trypsinized by incubating the 
cells with trypsin solution.

Cell lines and transfection
MC3T3-E1 or HEK293 cells were maintained in DMEM supplemented 
with 10% FCS and 1% P/S. For transient transfection, MC3T3-E1 cells 
were plated at a density of 106 cells per 10-cm culture dish and al-
lowed to grow for 12 h before transfection using a Lipofectamine 3000 
Transfection kit (L3000; Invitrogen). 48 h after transfection, cells were 
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subjected to immunostaining analysis. HEK293 cells were transfected 
by polyethylenimine (PEI), as described previously (Xia et al., 2013; 
Xiong et al., 2015). In brief, 12 µg DNA mixture was prepared in se-
rum-free DMEM, 6 µl PEI (based on a 3:1 ratio of PEI/total DNA) was 
added to the diluted DNA and mixed immediately by pipetting. After 
incubation for 20 min at room temperature, the DNA/PEI mixture was 
added to cells, and 48 h later, transfected cells were subjected to West-
ern blot or coimmunoprecipitation assay.

The PRR-KD cell line or PRR-KD BMSCs were obtained by 
infection of MC3T3-E1 cells or BMSCs with lentiviral particles en-
coding scramble control or shRNA-PRR, respectively. In brief, cells 
were infected with the lentiviral particles for 1 d in 2 µg/ml polybrene 
medium. At day 3, the culture medium was removed and replaced with 
complete medium (without polybrene). After 5–6 d, stable clones ex-
pressing the shRNA were selected via 5 µg/ml puromycin dihydrochlo-
ride, which induces death of untransduced cells.

FACS analysis
FACS was performed as described previously (Xia et al., 2013). In 
brief, BMMs derived from 3-mo-old OcnCre, Lrp4Ocn-cko, A2AR-KO, 
and Lrp4Ocn-cko;A2AR-KO mice were resuspended in ice-cold PBS. 
PE-RANK and FITC-CD11b antibodies (0.1–10 µg/ml) were added 
into the tube and incubated for at least 30 min at 4°C in the dark. The 
cells were washed three times with ice-cold PBS (with 0.5% PFA) 
and then immediately subjected to FACS analysis at the core facil-
ity (Augusta University).

Measuring levels of ATP, PPi, adenosine, SOST, and Wise
ATP levels were measured using a bioluminescence detection kit 
(FF2000; Promega) according to the manufacturer’s instructions. In 
brief, CMs or cell lysate samples were incubated with the ectonucle-
otidase inhibitor ARL 67165 trisodium salt hydrate (A265; Sigma- 
Aldrich) to inhibit ATP hydrolysis. ATP was measured by a luciferase 
reaction in which 560-nm light was emitted when D-luciferin was con-
verted to oxyluciferen. Luminescence was measured using a luminom-
eter (TR717; PE Applied Biosystems). ATP was calculated based on a 
calibration curve with standard samples. Total cell protein in each well 
was used for normalization.

PPi and adenosine levels were measured using fluorometric 
assay kits (pyrophosphate assay kit, ab179836, Abcam; and adenos-
ine assay kit, K327-100; BioVision, Inc.). SOST and Wise levels were 
measured by ELI​SAs (mouse/rat SOST Microplate, MSST00; R&D 
Systems; and enzyme-linked immunosorbent assay kit for SOS​TDC1, 
SEF900Mu; Cloud-Clone Corp).

Measurement of mitochondrial capacity using the Seahorse platform
OCR was analyzed in an X96 Extracellular Flux Analyzer with XF Cell 
Mito Stress Test kit (Seahorse Biosciences) at 37°C. OBs isolated from 
OcnCre and Lrp4Ocn-cko mice were plated on XF96 cell culture plates 
at 40,000 per well and cultured for 3 d. As temperature and background 
controls, four wells without OB seeding from each plate were set. 
For measurement, OBs were gently rinsed with 100 µl/well XF Base 
medium with 2 mM glutamine and 10 mM glucose. 175 µl/well fresh 
assay medium was added and assayed. The ATP synthase inhibitor oli-
gomycin, the mitochondrial uncoupler carbonyl FCCP, and the com-
plex I inhibitor rotenone were sequentially injected, and three baseline 
recordings were made. OCR measurements were performed at 3-min 
intervals, and each condition was measured in an independent well.

Cell lysis, Western blot, and coimmunoprecipitation
Cells were lysed in lysis buffer containing 50  mM Tris-HCl, pH 7.5, 
150 mM NaCl, 1% (vol/vol) Triton X-100, 0.1% SDS, 0.5% deoxycho-

late, and 1 mM EDTA, supplemented with protease inhibitors (1 µg/ml 
leupeptin and pepstatin, 2 µg/ml aprotinin, and 1 mM PMSF) and phos-
phatase inhibitors (10 mM NaF and 1 mM Na3VO4). Whole-cell extracts 
were fractionated by SDS-PAGE and transferred to a nitrocellulose 
membrane (Bio-Rad Laboratories). After incubation with 5% milk in 
TBST (10 mM Tris, 150 mM NaCl, and 0.5% Tween 20, pH 8.0) for 
1 h, the membrane was incubated with indicated antibodies overnight at 
4°C. Membranes were washed with TBST three times and incubated with 
a 1:5,000 dilution of horseradish peroxidase–conjugated anti–mouse or 
anti–rabbit antibodies for 1 h. Blots were washed with TBST three times 
and developed with the ECL system (Bio-Rad Laboratories). Immuno-
precipitation was performed with an anti-Flag antibody or anti-Flag M2 
Agarose (Sigma-Aldrich). Western blotting was performed using the 
ECL procedure, according to the manufacturer’s instructions (Bio-Rad 
Laboratories), with a mouse monoclonal Flag antibody to detect the co-
immunoprecipitation of Flag-Lrp4 or anti-V5 monoclonal antibody or 
anti–PRR rabbit polyclonal antibody for PRR proteins.

Immunofluorescence staining and imaging analysis
To image ATP loading, cells were incubated with 5 µM quinacrine and 
50 nM LysoTracker Red DND-99 for 30 min at 37°C. Images were ac-
quired using a confocal microscope (ZEN software; ZEI​SS) by sequen-
tial excitation at 488 nm for quinacrine and 543 nm for LysoTracker. To 
measure vesicular acidification, cells were treated with 1 µM LysoSen-
sor Green DND-189 for 30 min. Images were acquired using a confocal 
microscope by excitation at 488 nm.

For immunofluorescence staining, cells on coverslips were fixed 
with 4% paraformaldehyde at room temperature for 20 min, perme-
abilized with 0.15% Triton X-100 for 8 min, and then subjected to 
coimmunostaining analysis using indicated antibodies. Stained cells 
were washed three times with PBS and mounted with VEC​TAS​HIE​LD 
(H-1500; Vector Laboratories) and imaged by confocal microscope at 
room temperature. Fluorescent quantification was performed using Zen 
software according to the manufacturer’s instructions (ZEI​SS).

V-ATPase activity assay
Each sample (20 µg protein) was added to a solution containing 2 mM 
ATP, 3 mM MgSO4, 25 mM Tris-SO4, pH 8.0, and 5 mM NaN3. The sam-
ples (with or without 1 µM BafA1 to test V-ATPase specific activity) were 
incubated at 37°C for 20 min, and the reaction was stopped by the addi-
tion of 150 µl solution A (12% SDS). Inorganic phosphate was measured 
using a modified Chifflet’s assay (Chifflet et al., 1988; González-Romo 
et al., 1992). Different concentrations of K2HPO4 (ranging from 0 to 
200 µM) were used to generate a standard curve. Solution B (12% ascor-
bic acid in 1 N HCl and 200 µM EDTA) and solution C (2% ammonium 
molybdate in 1 N HCl) were combined 1:1 at the time of the experiment 
(named solution D) and added to each of the samples (300 µl per group). 
After 3 min, solution E (2% sodium citrate and 2% sodium meta-arsenite 
in 2% acetic acid in ddH2O) was then added and allowed in incubate for 
20 min at room temperature. Absorbance was read using a spectropho-
tometer at 850 nM. The color developed was stable up to 5 h. V-ATPase 
activity was calculated as BafA1-inhibited ATP hydrolysis.

µCT
The µCT analyses were performed as described previously (Xia et al., 
2013; Xiong et al., 2015). Excised femurs from mice were scanned 
using the Scanco µCT40 desktop cone-beam micro-CT scanner 
(Scanco Medical) using µCT Tomography v5.44. Scans were automat-
ically reconstructed into 2D slices, and all slices were analyzed using 
the µCT Evaluation Program (v.6.5-2; Scanco Medical). The femur was 
placed inverted in a 12-mm-diameter scanning holder and scanned at 
the following settings: 12 µm resolution, 55 kVp, and 145 µA with 
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an integration time of 200 ms. For the cortical analysis, the bone was 
scanned at the midshaft of the bone for a scan of 25 slices. The region 
of interest was drawn on every slice and fitted to the outside of the cor-
tical bone to include all the bone and marrow. The threshold for cortical 
bone was set at 329. 3D reconstruction (µCT Ray v3.8) was performed 
using all outlined slices. Data were obtained on BV, total volume (TV), 
BV/TV, bone density, and cortical thickness. For the trabecular bone, 
the scan was started at the growth plate and consisted of 211 slices. The 
region of interest was outlined starting below the growth plate (for the 
femurs from 1-mo-old mice) and where the condyles ended (for the 
femurs from older mice). 100 slices were outlined from this point, on 
the inside of the cortical bone, enclosing only the trabecular bone and 
marrow. Trabecular bone was thresholded at 245 and the 3D analysis 
performed on the 100 slices. Data were obtained on BV, density, TV, 
trabecular number, thickness, and separation.

Bone histomorphometric analysis
Bone histomorphometric analyses were performed as previously de-
scribed (Xia et al., 2013; Xiong et al., 2015). In brief, mouse tibia and 
femurs were fixed overnight in 10% formalin, decalcified in 14% EDTA, 
embedded in paraffin, sectioned, and subjected to hematoxylin and eosin 
and TRAP staining. Morphometric perimeters were determined by mea-
suring the areas situated at least 0.5 mm from the growth plate, exclud-
ing the primary spongiosa and trabeculae connected to the cortical bone.

Measurements of serum levels of Ocn, PYD, and calcium
Blood samples were collected, allowed to clot for 30 min, and centri-
fuged for 10 min at 3,000 rpm. Serum was frozen at −80°C until use. 
Ocn, PYD, and calcium were measured in duplicate with an Ocn ELI​SA 
kit (Biomedical Technologies, Inc.), a MET​RA serum PYD RIA kit 
(Quidel Corporation), and a calcium detection kit (Abcam), respectively, 
as described previously (Xia et al., 2013; Xiong et al., 2015). Concen-
trations were obtained by comparing readings against standard curves.

RNA isolation and real time-PCR
Total RNA was isolated by TRIzol extraction (Invitrogen). Quantitative 
PCR was performed using a Quantitect SYBR Green PCR kit (Bio-Rad 
Laboratories) with a real-time PCR System (Opticon Monitor 3). The 
following primers were used: CD39, 5′-ATG​CTT​TAA​CCC​AGG​ATA​
CGA-3′ and 5′-AGG​GCA​GTG​GCT​GTT​GTT-3′; CD73, 5′-TCC​GCA​
AGG​AAG​AAC​CCA-3′ and 5′-GTG​CCA​TAG​CAT​CGT​AGCC-3′; 
PRR, 5′-CAG​CGT​CAT​CTC​CTA​CCC-3′ and 5′-ACA​CCG​AGT​TTG​
CTT​TCC-3′; V-ATPase, 5′-ACT​AAG​CAA​AGA​AGA​CAG​GGAG-3′ 
and 5′-CAC​CGA​CAG​CGT​CAA​ACA-3′; RAN​KL, 5′-ATC​CCA​TCG​
GGT​TCC​CAT​AA-3′ and 5′-TCC​GTT​GCT​TAA​CGT​CAT​GTT​AG-
3′; OPG, 5′-GGC​CTG​ATG​TAT​GCC​CTC​AA-3′ and 5′-GTG​CAG​
GAA​CCT​CAT​GGT​CTTC-3′; β-actin primers (5′-AGG​TCA​TCA​CTA​
TTG​GCA​ACGA-3′ and 5′-CAT​GGA​TGC​CAC​AGG​ATT​CC-3′) were 
used for normalization.

Statistical analysis
All data are expressed as mean ± SD. For in vivo studies, five or six 
mice per genotype per assay were used. For in vitro cell biological 
and biochemical studies, each experiment was repeated three times. 
10–50 cells were quantified for immunostaining analyses. Data were 
analyzed by Student’s t test, two-way analysis of variance (ANO​VA), 
and post-hoc test (GraphPad Software Prism 5). The significance 
level was set at P < 0.05.

Online supplemental material
Fig. S1 shows that ATP levels were increased in CMs of Lrp4-deficient  
BMSCs. Fig. S2 demonstrates trabecular bone loss in Lrp4Ocn-cko 

mice by A740003, an antagonist of P2X7R. Fig. S3 shows elevated 
v-ATPase–driven vesicular ATP loading and release in Lrp4-deficient 
OBs. Fig. S4 shows unchanged expression levels of PRR in Lrp4- 
deficient BMSCs and MC3T3 cells. Fig. S5 demonstrates the inter-
action of Lrp4 with PRR.
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