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Abstract. The EphB4 receptor and ephrin B2 ligand were 
recently reported to influence the coupling between osteo-
clasts and osteoblasts in bone biology, but their downstream 
signaling pathways remain unclear. This study focuses on 
the preliminary identification of downstream PDZ-domain 
proteins involved in EphB4/ephrin B2 reverse signaling 
in osteoclasts. Similarly to primary osteoclast precursors 
isolated from the bone, we observed that the RAW264.7 cell 
line, a mouse monocyte/macrophage cell line that is used 
in conventional assays for osteoclast function, expressed 
ephrin  B2 during RANKL-induced osteoclast differen-
tiation, and that preclustered EphB4 inhibited this osteoclast 
differentiation. The results demonstrate that RAW264.7 
cells provide a good model for further research of EphB4/
ephrin B2 signaling in osteoclasts. Immunofluorescence 
staining and Western blot analysis revealed that all of the 
eight PDZ-domain proteins previously reported to interact 
with ephrin B ligands were expressed in the differentiated 
RAW264.7 osteoclasts. However, in a co-immunoprecipitation 
assay, only Dishevelled 2 (Dvl2) among eight PDZ-domain 
proteins tested co-precipitated with ephrin B2 and vice versa, 
suggesting an endogenous interaction between Dvl2 and 
ephrin B2 in RANKL-induced osteoclasts. Furthermore, 
preclustered EphB4 reduced the expression level of Dvl2. 
Collectively, our results indicate that Dvl2 could be the poten-
tial PDZ-domain protein that acts downstream of ephrin B2 
in RANKL-induced osteoclast differentiation of RAW264.7 
cells, providing a potential novel therapeutic target for bone 
diseases.

Introduction

Bone remodeling is a complex process requiring ‘coupling’ 
between osteoclastic bone resorption and osteoblastic bone 
formation (1). This coupling is of great importance because a 
large majority of bone diseases that result in changes in bone 
mass, such as osteoporosis and osteopetrosis, are due to disrup-
tion of the coupling (2). Osteoclasts, large, multi-nucleated, 
terminally differentiated cells, are produced by the fusion of 
osteoclast precursor cells, while osteoblasts are derived from 
mesenchymal cells (3). The molecular mechanisms that are 
responsible for osteoclast-osteoblast communication remain 
one of the central issues in bone cell biology. Over the past 
decades, the pivotal roles of the receptor activator of NF-κB 
(RANK) (4), its ligand RANKL (4-6), and the natural decoy 
receptor for RANKL, osteoprotegerin (OPG) (7-9) have been 
well-documented. The binding of RANKL, which is released 
by osteoblasts and bone marrow cells, to its receptor RANK 
has an essential role in the differentiation and fusion of 
precursors into mature osteoclasts (10,11).

There is recent evidence to suggest a role for the Eph 
receptors and their ephrin ligands in bone biology, a role that 
may affect the coupling between osteoblasts and osteoclasts 
(12,13). The Eph receptors are the largest subgroup of the 
receptor tyrosine kinase family and interact with ephrin 
ligands. Fourteen Eph receptors (EphA1-A8 and EphB1-B6) 
and eight ephrin ligands (ephrin A1-A5 and ephrin B1-B3) 
have been identified in the human genome (14). Zhao et al (12) 
were the first to report on EphB4/ephrin B2 signaling in bone 
remodeling. Briefly, ephrin B2-expressing osteoclasts stimu-
lated the differentiation of EphB4-expressing osteoblasts via 
forward signaling, and reverse signaling through ephrin B2 
inhibited the differentiation of osteoclasts. This bidirectional 
signaling may have a pivotal role in the transitional phase of 
bone remodeling and in the promotion of osteoblast differen-
tiation by osteoclasts and concurrent suppression of osteoclast 
differentiation by osteoblasts (2,12). Following the first report, 
there was new evidence about the involvement of Eph/ephrin 
in bone remodeling. For example, PTH and PTHrp can 
elevate the expression level of ephrin B2 in osteoblasts, indi-
cating a cell-mediated paracrine mode of EphB4/ephrin B2 
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communication within the osteoblast lineages (15). However, 
the downstream element involved in EphB4/ephrin B2 reverse 
signaling in osteoclasts has not yet been identified. As known 
from a previous review, reverse signaling through ephrin B 
ligands can activate both tyrosine phosphorylation-dependent 
and -independent signal transduction pathways. The intra-
cellular domain of ephrin B ligands, particularly the last 33 
C-terminal amino acids, is highly conserved and contains 
multiple tyrosine residues, and the C-terminal YKV motif 
is a binding site for PDZ (post-synaptic density protein, 
disks large, zona occludens) domain-containing proteins. 
Additionally, the data of Zhao et al showed that in osteoclasts, 
the reverse inhibitory effect was dependent on the cytoplasmic 
domain of ephrin B2, while the C-terminal YKV motif was 
critical for signal transduction, indicating that an unknown 
downstream PDZ-domain protein was involved (12).

This pilot study was designed to confirm the effect of 
bidirectional EphB4/ephrin B2 signaling on RANKL-induced 
osteoclastogenesis, to verify whether RANKL-stimulated 
RAW264.7 cells could be substituted for primary cells as 
a model for research on the EphB4/ephrin B2 signaling 
pathways, and most importantly, to preliminarily identify 
the potential PDZ-domain proteins acting downstream of 
ephrin B2 during osteoclast differentiation of RAW264.7 cells 
in vitro.

Materials and methods

Materials. All media components were purchased from 
Gibco (Invitrogen Corp., Carlsbad, CA). The RNA extraction 
reagent TRIzol was from Invitrogen Life Technologies. The 
leukocyte acid phosphatase kit (no. 387) was from Sigma 
Chemical Co. (St. Louis, MO). The goat anti-human IgG-Fcγ 
fragment-specific antibody and the human IgG-Fc fragment 
were from Jackson ImmunoResearch Laboratories, Inc. (West 
Grove, PA). Recombinant murine sRANKL and recombinant 
murine EphB4-Fc chimera were obtained from R&D Systems, 
Inc. (Minneapolis, MN). Goat polyclonal antibodies against 
ephrin B2 (H-83), GRIP2 (K-17), and RGS3 (H-300) and rabbit 
polyclonal antibodies against GRIP1 (R-91), FAP-1 (H-300) 
and β-actin were from Santa Cruz Biotechnology (Santa Cruz, 
CA). Rabbit polyclonal antibodies against Dishevelled 2 (Dvl2, 
ab22616), PICK1 (ab3420) and Syntenin (ab19903) were from 
Abcam, Inc. (Cambridge, MA). The rabbit polyclonal antibody 
against PAR3 (07-330) was from Upstate Biotechnology, 
Inc. (Charlottesville, VA). TRITC/FITC-conjugated rabbit 
anti-goat and goat anti-rabbit IgG (H+L) antibodies were from 
PeproTech, Inc. (Rocky Hill, NJ). The PrimeScript™ RT 
reagent kit and the SYBR® Premix Ex Taq™ kit were from 
Takara Biotechnology Co., Ltd. (Dalian, China). Protein A+G 
agarose was from Beyotime Biotech (Haimen, China).

Cell cultures. The RAW264.7 mouse monocyte/macrophage 
cell line was purchased from the American Type Culture 
Collection (ATCC, TIB-71). RAW264.7 cells were maintained 
in Dulbecco's modified Eagle's medium (DMEM) containing 
10% heat-inactivated fetal bovine serum (FBS). All media 
were supplemented with 2 mM glutamine, 100 IU/ml peni-
cillin and 100 µg/ml streptomycin (Sigma). Incubations were 
performed at 37˚C with 5% CO2 in humidified air.

Tartrate-resistant acid phosphatase (TRAP) staining. 
RAW264.7 cells were suspended in DMEM supplemented with 
1-2% FBS and seeded at a concentration of 1x104 cells/well 
into a 24-well culture plate (Corning) with pre-set sterilized 
slides. After 12 h of starvation, the media were replaced with 
phenol red-free α-MEM supplemented with 10% FBS and 
25 ng/ml RANKL with the addition of 2 µg/ml EphB4-Fc or 
Fc fragments as a negative control. Before application to the 
cultured cells, EphB4-Fc or Fc fragments were preclustered 
with anti-human Fc antibody at a 1:10 molar ratio at 4˚C for 
1 h. The media were replaced every two days. After four 
days of culture, the cells were subjected to TRAP staining 
by a leukocyte acid phosphatase kit according to the manu-
facturer's instructions. Briefly, the cells were washed twice 
in PBS and fixed for 30 sec in a solution of 4% formaldehyde 
combined with a citrate solution and acetone. Then, the fixed 
cells were washed in PBS and incubated in TRAP staining 
solution for 1 h at 37˚C. After the TRAP reaction, the slides 
were rinsed in deionized water, air-dried and evaluated 
microscopically under a x4 objective on an Olympus IX71 
inverted research microscope. Eight fields of a single well 
were selected randomly, and three wells were counted for 
each group. Multinucleated (with three or more nuclei) 
TRAP-positive cells (MNCs) appeared dark red and were 
counted as differentiated osteoclasts.

RNA extraction and cDNA synthesis. RAW264.7 cells were 
suspended in DMEM supplemented with 1-2% FBS and 
seeded at a concentration of 5x104 cells/well into a 6-well 
culture plate (Corning). After 12 h of starvation, the media 
were replaced with phenol red-free α-MEM supplemented 
with 10% FBS and 25 ng/ml RANKL with the addition of 
2 µg/ml preclustered EphB4-Fc or Fc fragments. The media 
were replaced every 2 days. After 4 days of culture, total RNA 
was extracted using TRIzol according to the manufacturer's 
instructions. Isolated total-RNA was eluted in RNase-free 
water and stored at -80˚C until use. cDNA reverse transcrip-
tion was performed using the PrimeScript™ RT reagent kit 
according to the manufacturer's instructions. Briefly, 0.5 µg 
of total RNA was mixed with 2 µl of the 5X PrimeScript™ 
buffer, 0.5 µl of the PrimeScript™ RT enzyme mix I, 0.5 µl 
of random hexamer primers (100 µM), 0.5 µl of the oligo(dt) 
primer (50 µM) and RNase-free water to a total volume of 
10 µl. The mixture was incubated at 37˚C for 15 min, and the 
reaction was stopped by heating at 85˚C for 5 sec.

Quantitative real-time RT-PCR. Quantitative real-time RT-PCR 
was performed using the SYBR-Premix Ex Taq™ kit according 
to the manufacturer's instructions. The following primers 
were used: ephrin B2: sense, 5'-TCTGTGTGGAAGTACTGT 
TGGGGACTTT-3' and antisense, 5'-TGTACCAGCTTCTAG 
CTCTGGACGTCTT-3'; Nfatc1: sense, 5'-TGCTCCTCCTCC 
TGCTGCTC-3' and antisense, 5'-CGTCTTCCACCTCCAC 
GTCG-3'; c-Fos: sense, 5'-TCCGTCTCTAGTGCCAACTT-3' 
and antisense, 5'-CGCTTGGAGTGTATCTGTCA-3'; c-Jun: 
sense, 5'-ACTCGGACCTTCTCACGTCG-3' and antisense, 
5'-TAGACCGGAGGCTCACTGTG-3'; β-actin: sense, 5'-AGG 
AGCAATGATCTTGATCTT-3' and antisense, 5'-TGCCAAC 
ACAGTGCTGTCT-3'; TRAP (Acp5): sense, 5'-GGAAATG 
GCCAATGCCAAAG-3' and antisense, 5'-ATCATGGTTTC 
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CAGCCAGCAC-3'; cathepsin K (Ctsk): sense, 5'-CAGCAGA 
ACGGAGGCATTGA-3' and antisense, 5'-CTTTGCCGTGG 
CGTTATACATACA-3'; calcitonin receptor (Calcr): sense, 
5'-TTACCGACGAGCAACGCCTAC-3' and antisense, 5'-AGC 
AAGTGGGTTTCTGCACTCA-3'; Dishevelled 2 (Dvl2): 
sense, 5'-GCAGTGTCACCGATTCCACAA-3' and antisense, 
5'-CTTTCATGATGGAGCCGATGTAGA-3'.

PCR was performed with a 4-min initial denaturation at 
95˚C, followed by 40 cycles of 30 sec of denaturation at 95˚C, 
30 sec of annealing at 60˚C, and 1 min of extension at 72˚C 
using the Bio-Rad CFX96 system. β-actin was used as an 
internal control to normalize the expression of target genes. The 
data obtained from three independent experiments were used to 
analyze the relative gene expression by the 2−ΔΔCt method.

Immunofluorescence staining. RAW264.7 cells cultured 
on coverslips under the described conditions were fixed 
with methanol for 30 min, washed in PBS, permeabilized 
with 0.2% Triton X-100 in PBS for 5 min, washed in PBS, 
and blocked with 5% bovine serum albumin (BSA) in PBS 
for 1-2 h at room temperature. After blocking, the cells 
were incubated overnight at 4˚C with the specific primary 
antibodies at a 1:50 dilution in a 1% BSA solution. Staining 
was completed with the corresponding secondary antibodies 
at 1:200 dilutions in a 1% BSA solution. Then, the coverslips 
were mounted on slides and examined under a Nikon Eclipse 
80i fluorescence microscope.

Western blot analysis. Cells collected from the described 
osteoclastogenic cultures were lysed in ice-cold lysis buffer 
[50 mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40, 2.5 mM 
sodium pyrophosphate, 1 mM EDTA, 1% Na3VO4, 0.5 µg/ml 
leupeptin, sodium fluoride, 1 mM phenylmethane sulfonyl 
fluoride (PMSF)]. Following centrifugation at 12,000 x g 
for 5 min at 4˚C, the supernatants were collected, and the 
protein concentrations were measured by a BCA kit (Pierce). 
Equal amounts of proteins (30 µg/lane) were run on 8-12% 
SDS-PAGE gels and electrophoretically transferred onto 
PVDF membranes (Sigma). After blocking, the membranes 
were probed with specific primary antibodies to detect the 
proteins of interest followed by the corresponding secondary 
antibodies. β-actin was used as an internal standard for 
protein concentration and integrity. Bound antibodies were 
visualized by the enhanced chemiluminescence substrate 
(Beyotime). The bands of the immunoblots were quantified by 
densitometry and normalized with β-actin using the BandScan 
software. Protein expression is expressed as a percentage of 
the normal control.

Co-immunoprecipitation. The cells collected from the 
described osteoclastogenic cultures were lysed as described 
above. After centrifugation, the collected supernatants were 
incubated with the specific primary antibody (diluted 1:50) at 
4˚C overnight. Next, protein A+G agarose beads were added 
to the mixture, and the mixture was incubated at 4˚C for 3 h 
with mixing. After centrifugation at 12,000 x g for 5 min at 
4˚C, the beads with the bound proteins were washed five times 
with lysis buffer. The released proteins were resuspended 
in 1x electrophoresis sample buffer and were analyzed by 
Western blotting as described above.

Statistical analysis. The results are expressed as means ± SDs 
from triplicate independent experiments. Data were statisti-
cally analyzed using one-way analysis of variance followed 
by Tukey's post-hoc test or unpaired Student's  t-tests, and 
statistical significance was set at P-values <0.05.

Results

Expression of ephrin B2 during RANKL-induced osteoclast 
differentiation of RAW264.7 cells. To investigate whether 
ephrin B2 is prominently expressed in RANKL-induced osteo-
clasts, we first used real-time RT-PCR to examine the mRNA 
levels of ephrin B2. RAW264.7 cells cultured in the presence 
of RANKL for four days were designated as the RANKL+ 
group (marked in the figures), while the cells cultured in the 
absence of RANKL for four days were designated as the 
RANKL- group. The results show that the mRNA levels of 
ephrin B2 are significantly higher in the RANKL+ group 
compared to the RANKL- group (Fig. 1A). Using western 
blotting and immunofluorescence staining, the expression of 
ephrin B2 protein was also detected in the RANKL+ group 
(Fig.  1B and C). Collectively, the data demonstrate that 
ephrin B2 is prominently expressed during RANKL-induced 
osteoclast differentiation of RAW264.7 cells.

EphB4/ephrin B2 signaling inhibits RANKL-induced osteo-
clast differentiation of RAW264.7 cells. To analyze the effects 
of reverse signaling on osteoclast differentiation, we used 
soluble EphB4-Fc to stimulate ephrin B2 because EphB4 
exclusively interacts with ephrin B2 (16,17). RAW264.7 cells 
were cultured in the presence of RANKL with the addition 
of preclustered soluble EphB4-Fc or Fc, and these samples 
were designated as the EphB4-Fc- or the Fc-treated groups, 
respectively. After four days in the conditioning culture, 
TRAP staining was performed (Fig. 2A), and TRAP-positive 
MNCs in each well were counted as osteoclasts. Fig. 2B 
shows that the number of TRAP-positive MNCs was signifi-
cantly lower in the EphB4-Fc-treated group than that in the 
Fc-treated group. Meanwhile, no significant difference in the 
number of TRAP-positive MNCs was detected between the 
Fc-treated group and the RANKL+ group (Fig. 2A and B). 
The Fc-treated group was included to rule out the interfer-
ence of Fc fragments and anti-Fc antibodies. Next, because 
differentiated osteoclasts were reported to express high levels 
of osteoclast-specific genes such as TRAP, Ctsk, and Calcr 
(18,19), we used real-time RT-PCR to investigate whether 
the inhibitory effect of EphB4-ephrin B2 reverse signaling 
correlated with the mRNA levels of the osteoclast-specific 
genes. After four days in the conditioning culture, total RNA 
was collected and analyzed, and the results showed that the 
EphB4-Fc treatment reduced the mRNA expression levels 
of TRAP, Ctsk and Calcr compared with the Fc treatment 
(Fig. 2C). These data demonstrate that the addition of preclus-
tered soluble EphB4-Fc to the osteoclastogenic cultures 
inhibits the RANKL-induced osteoclast differentiation of 
RAW264.7 cells.

EphB4/ephrin B2 signaling suppresses the expression of 
c-Fos, c-Jun and Nfatc1 in RANKL-stimulated RAW264.7 
cells. The Nfatc1 gene has been identified as the most strongly 
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Figure 2. EphB4-ephrin B2 reverse signaling suppresses the RANKL-induced osteoclast differentiation of RAW264.7 cells. (A) TRAP staining of differenti-
ating and differentiated osteoclasts derived from RANKL-stimulated RAW264.7 cells in the presence of EphB4-Fc or Fc fragments (2 µg/ml) for four days; 
magnification x100. (B) Quantitative analysis of TRAP-positive multinuclear cells with three or more nuclei in each well. EphB4 group vs. the Fc group and 
the RANKL- group, aP<0.01; Fc group vs. the RANKL+ group, bP>0.05. (C) Real-time RT-PCR analysis of TRAP (Acp5), calcitonin receptor (Calcr) and 
cathepsin K (Ctsk) after osteoclast differentiation of RANKL-stimulated RAW264.7 cells in the presence of EphB4-Fc or Fc fragments (2 µg/ml) for four 
days. The cells cultured without RANKL or EphB4-Fc or Fc were used as the control in this and in the following experiments. β-actin was used as an internal 
control to normalize the expression of target genes. Bars represent the means ± SDs. All data are representative of three independent experiments. EphB4 
group vs. Fc group and control group; aP<0.01, bP<0.01 and cP<0.01.

Figure 1. Expression of ephrin B2 was prominently elevated after osteoclast differentiation of RAW264.7 cells in the presence of RANKL for four days, 
compared with undifferentiated RAW264.7 cells cultured in the absence of RANKL. (A) Real-time RT-PCR analysis of ephrin B2 gene expression. β-actin 
was used as an internal control to normalize the expression of the target genes. Bars represent the means ± SDs. The data are representative of three dif-
ferent experiments. RANKL+ group vs. RANKL- group; aP<0.01. (B) Immunoblot analysis of ephrin B2 protein. Actin served as a loading control. (C) 
Immunofluorescence of ephrin B2 protein; magnification x400.
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induced transcription factor following RANKL-stimulated 
osteoclast differentiation in RAW264.7 cells (20,21). The 
osteoclastogenic activity of Nfatc1 has been shown to be 
enhanced by overexpression of c-Jun and c-Fos but is inhibited 
by overexpression of a dominant-negative form of either c-Jun 
or c-Fos, indicating that the partnership between c-Jun/c-Fos 
and Nfatc1 is crucial for osteoclast differentiation (22-24). In 
this study, we used real-time RT-PCR to examine whether 
EphB4/ephrin B2 reverse signaling modulates these critical 
transcription factors at the mRNA level in RANKL-induced 
RAW264.7 cells. The results show that the mRNA levels of 
these transcription factors were induced in the EphB4-Fc-
treated group compared to the Fc-treated group (Fig. 3).

Identification of potential PDZ-domain proteins expressed 
during the RANKL-induced osteoclast differentiation of 
RAW264.7 cells. Ephrin B2 ligands can recruit PDZ-domain 
proteins through a carboxy-terminal YKV motif. So far, 
eight PDZ-domain proteins (PDZ-RGS3, Dvl2, PICK1/
PHIP, Syntenin, GRIP1, GRIP2, PTP-BL/FAP-1 and PAR3) 
have been described in the literature to bind ephrin B ligands 
(14,25). We screened to assess whether any of the eight 
PDZ-domain proteins are expressed during RANKL-induced 
osteoclast differentiation of RAW264.7 cells. As shown in 
Figs. 4 and 5, the immunofluorescence staining and Western 
blot analysis revealed that the eight PDZ-domain proteins 
were all expressed in the RANKL+ group after four days in 

Figure 3. Effect of EphB4-ephrin B reverse signaling on the expression of c-Fos, c-Jun and Nfatc1 during RANKL-induced osteoclast differentiation of 
RAW264.7 cells. (A) Real-time RT-PCR analysis of c-Fos and Nfatc1 gene expression. β-actin was used as an internal control to normalize the expression 
of target genes. Bars represent the means ± SDs. All data are representative of three independent experiments. EphB4 group vs. Fc group and control group; 
aP<0.01 and bP<0.01. (B) Real-time RT-PCR analysis of c-Jun and Nfatc1 gene expression. β-actin was used as an internal control to normalize the expression 
of target genes. Bars represent the means ± SDs. The data are representative of three independent experiments. EphB4 group vs. Fc group and control group; 
aP<0.01 and bP<0.01.

Figure 4. Immunofluorescence of potential PDZ-domain proteins during RANKL-induced osteoclast differentiation of RAW264.7 cells. Immunofluorescence 
of Syntenin, Dvl2, GRIP2, PAR3, FAP-1, GRIP1, PICK1 and RGS3 in RAW264.7 cells in the presence (A) or absence (B) of RANKL for four days. 
Magnification x100.
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the conditioning culture. As a control, in the undifferentiated 
RAW264.7 precursors (RANKL- group), four PDZ-domain 
proteins (PDZ-RGS3, PICK1/PHIP, GRIP2 and PAR3) were 
not expressed and two PDZ-domain proteins (Dvl2 and 
Syntenin) were expressed at a lower level (Figs. 4 and 5). 
Only GRIP1 was more strongly expressed in the undifferenti-
ated RAW264.7 precursors than in the differentiated ones 
(Figs. 4 and 5). The data indicate that the eight PDZ-domain 
proteins are all expressed in the RANKL-induced osteoclasts, 
prompting us to include all of them in the following analysis.

Identification of potential PDZ-domain proteins as binding 
partners for the PDZ binding site of ephrin B2. To investigate 
whether ephrin B2 ligands associate with any of these eight 
PDZ-domain proteins, we immunoprecipitated ephrin B2 
proteins from the cell lysate with a goat polyclonal antibody, 
and the precipitate was assayed for co-immunoprecipitated 
PDZ-domain proteins by immunoblotting. As shown in 
Fig. 6A, among the eight proteins, only Dvl2 showed the 
expected size co-precipitating with ephrin B2. The reverse 
experiment (immunoprecipitation by the Dvl2 antibody and 
immunoblotting by the ephrin B2 antibody) confirmed the 
relationship. These data indicate an interaction between 
endogenously expressed Dvl2 and ephrin B2 in the RANKL-
induced osteoclasts. However, the other PDZ-domain proteins 
were not detected at the expected sizes in the precipitate after 

immunoprecipitation with the ephrin B2 antibody in three 
independent experiments. Considering the above data, we 
suggest that Dvl2 protein might be the potential PDZ-domain 
protein involved downstream of ephrin B2.

Finally, to investigate whether the EphB4-ephrin B2 reverse 
signaling affects the expression level of Dvl2, preclustered 
soluble EphB4-Fc or Fc fragments were added to the RANKL-
induced osteoclastogenic cultures. After four days in the 
conditioning culture, the Western blot analysis showed that 
the band for Dvl2 in the EphB4-Fc-treated group was weaker 
than that in the Fc-treated group (Fig. 6B), and the mRNA 
level of Dvl2 in the EphB4-Fc-treated group was a little lower 
than in the Fc-treated group, albeit with no statistical signifi-
cance (Fig. 6C). These data indicate that EphB4-ephrin B2 
reverse signaling down-regulates the expression level of Dvl2.

Discussion

For more than two decades, we have known that the differ-
entiation and activation of osteoclasts depends on signaling 
of the RANK receptor stimulated by RANKL. However, the 
role of Eph/ephrin in the coupling between osteoblasts and 
osteoclasts has been reported within the last few years (12,13). 
Although the interaction between ephrins and Eph receptors 
in cardiovascular development, skeletal development, axon 
guidance and tissue patterning has been extensively investi-
gated, there is insufficient evidence for the roles of Eph/ephrin 
interactions in bone biology (26). Furthermore, there is little 
research focusing on the potential molecular interactions of 
EphB4/ephrin B2 intracellular reverse signaling. In this study, 
we demonstrated that EphB4/ephrin B2 reverse signaling 
inhibits the RANKL-induced osteoclast differentiation of 
RAW264.7 cells and that Dvl2 may be the potential down-
stream PDZ-domain protein that is the binding partner for the 
C-terminal YKV motif of ephrin B2.

The first step of our study was to select the type of osteo-
clastic precursors to be used for further research. Primary 
bone marrow stromal cells may be a good choice according 
to a report by Zhao et al (12). However, inter-individual 
variability and insufficient material are disadvantages for the 
studies with primary cell cultures (27). On the other hand, 
cell lines are being increasingly recognized as standard 
experimental materials and as essential components to ensure 
reproducible and reliable results in life science research. 
RAW264.7 cells have been extensively used as osteoclast 
precursors because they can be induced to stably differentiate 
into osteoclast-like cells by using RANKL with or without 
M-CSF, and RAW264.7 cell-derived osteoclasts perform 
similarly to primary osteoclasts isolated from bones in 
conventional assays for osteoclast function (28). In addition, 
ephrin B2 mRNA was reported to be expressed in RAW264.7 
cells (29). We proposed that RAW264.7 cells may be a 
suitable model for this research. As shown in Fig. 1C, TRAP-
positive, multinucleated osteoclasts expressed ephrin B2 
protein distributed in the cell membrane after four days of 
treatment with RANKL. The induced osteoclast differentia-
tion of RAW264.7 cells could be suppressed by the addition 
of preclustered soluble EphB4-Fc to the culture (Fig. 2). 
Additionally, the reduction of TRAP-positive multinucle-
ated cells with three or more nuclei was more apparent in 

Figure 5. Immunoblot analysis of potential PDZ-domain proteins during 
RANKL-induced osteoclast differentiation of RAW264.7 cells. Immunoblot 
analysis of Syntenin, Dvl2, GRIP2, PAR3, GRIP1, PICK1 and RGS3 after 
osteoclast differentiation of RAW264.7 cells in the presence or absence of 
RANKL for four days. The data for FAP-1 were not obtained because of the 
high molecular weight (250 kDa) and technical problems, but this had little 
effect on the study. β-actin served as a loading control. All of the paired 
blots were obtained from one lysate and were also examined within one 
experiment with equal gel loading.
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the EphB4-Fc-treated group compared with the Fc-treated 
group after RANKL-induced osteoclast differentiation. The 
mRNA levels of TRAP, Cstk, and Calcr, well-known markers 
of osteoclast differentiation, were also down-regulated in the 
EphB4-Fc-treated group. From all of these data, we concluded 
that RAW264.7 cells could be used as osteoclast precursors 
for further research. Stimulation of Nfatc1, the transcriptional 
target of c-Jun/c-Fos, has demonstrated the necessity of Nfatc1 
for the RANKL-induced osteoclastogenesis of RAW264.7 
cells in vitro (23). The transcription of the c-Jun and c-Fos 
genes was up-regulated when osteoclast precursor cells were 
stimulated with RANKL (30). Ikeda et al and Matsuo et al 
proposed that the partnership between c-Jun/c-Fos and the 
NFAT family was crucial for osteoclast differentiation (23,24). 
Regarding the importance of these transcription factors in 
the downstream pathways of RANKL-RANK signaling, 
we investigated whether EphB4/ephrin B2 reverse signaling 
modulated the expression of these transcription factors 
during RANKL-induced osteoclastogenesis. Interestingly, 
the mRNA levels of c-Jun, c-Fos and NFATc1 were inhibited 
in the EphB4-Fc-treated group during RANKL-induced 
osteoclast differentiation of RAW264.7 cells compared with 
the Fc-treated group. These results are consistent with the 
observed inhibition of RANKL-induced osteoclast differen-
tiation of RAW264.7 cells by the EphB4/ephrin B2 reverse 

signaling mentioned above. Zhao et al claimed that EphB4/
ephrin B2 reverse signaling inhibited the osteoclastogenesis 
of primary osteoclast precursors partly by reducing the c-Fos/
Nfatc1 partnership (12). Our data not only confirm their 
conclusion in RAW264.7 cells, but also suggest the involve-
ment of a c-Jun/Nfatc1 partnership.

Ephrin B2 ligands can recruit PDZ-domain proteins 
through a carboxy-terminal YKV target site. The analysis of 
the cytoplasmic region of ephrin B2 demonstrated that the 
inhibitory effect of EphB4/ephrin B2 reverse signaling in 
differentiated osteoclasts was mediated via an interaction with 
PDZ domain proteins but not by tyrosine phosphorylation, thus 
raising the possibility that the PDZ domain proteins might be 
useful drug targets in bone remodeling (2,12). Therefore, we 
attempted to identify the candidate PDZ-domain proteins 
downstream of ephrin B2 during RANKL-induced osteoclast 
differentiation of the RAW264.7 cell line. So far, there 
have been eight PDZ-domain proteins reported to interact 
with ephrin B ligands, including PDZ-RGS3, Dvl2, PICK1/
PHIP, Syntenin, GRIP1, GRIP2, PTP-BL/FAP-1 and PAR3 
(14,25). Using immunofluorescence staining and Western blot 
analysis, we noted that all of the eight PDZ-domain proteins 
were expressed in the differentiated RAW264.7 osteoclasts, 
but in the co-immunoprecipitation analysis, only Dvl2 protein 
co-precipitated with ephrin B2 and vice versa, indicating an 

Figure 6. Identification of potential PDZ-domain proteins as binding partners for the PDZ binding site of ephrin B2. (A) We immunoprecipitated ephrin B2 
protein from the cell lysis buffer with a goat polyclonal antibody against ephrin B2 (1:50) and assayed for co-immunoprecipitated PDZ-domain proteins by 
immunoblotting. Among the eight PDZ-domain proteins (PDZ-RGS3, Dvl2, PICK1/PHIP, Syntenin, GRIP1, GRIP2, PTP-BL/FAP-1 and PAR3) expressed 
during RANKL-induced osteoclastogenesis of RAW264.7 cells, only Dvl2 was detected by the western blot analysis. Then, we immunoprecipitated Dvl2 
proteins from the cell lysis buffer, and detected ephrin B2 in the precipitate by immunoblotting. (B) Immunoblot analysis of Dvl2 proteins in the EphB4-Fc 
treated group compared with the Fc-treated or the untreated blank control groups. Actin protein expression served as an internal control and was used to 
normalize the protein band intensity. The bar represents the relative Dvl2 protein levels, (percent of control group). EphB4 group vs. Fc group; aP<0.01. (C) 
Real-time RT-PCR analysis of Dvl2 mRNA expression (the EphB4-Fc treatment compared with the Fc-treated or the untreated blank control group). β-actin 
was used as an internal control to normalize the expression of target genes. Bars represent the means ± SDs. The data are representative of three independent 
experiments. EphB4 group vs. Fc group and control group; aP>0.05.
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endogenous interaction between Dvl2 proteins and ephrin B2 
in the RANKL-induced osteoclasts.

Dvl2 is a member of the Dishevelled (Dsh) protein family 
and is a cytoplasmic protein containing three conserved 
protein domains: DIX (Dishevelled-Axin), PDZ and DEP. It 
was reported that the C-terminus of ephrin B1 was necessary 
for a physical interaction with Dsh (31,32). Xdsh, which is 
reported to form a complex with EphB receptors and also 
with ephrin B1, was involved in Eph- and ephrin-mediated 
cell repulsion as a downstream effector of these receptors 
and ligands (33). Because ephrin B1 and ephrin B2 share a 
high degree of identity (12,34), our results suggest that the 
C-terminal end of ephrin B2 can interact with Dsh directly or 
indirectly.

Because the phosphorylation of specific tyrosine residues 
in the intracellular domain of ephrin B1 by the extracel-
lular domain of the cognate Eph receptor can disrupt the 
inter-action of ephrin B1 with the endogenous Dsh protein 
(32), we propose that after binding of EphB4, the disruption 
of the ephrin B2/Dvl2 complex inhibits RANKL-induced 
osteoclast differentiation in RAW264.7 cells. The next ques-
tion would be whether there is any potential relationship 
between the ephrin B2/Dvl2 complex and the c-Jun/c-Fos/
Nfatc1 complex. It is well characterized that downstream 
of Dvl, three main Wnt pathways can be activated (35,36). 
Through the Wnt-signaling PCP pathway, Dvl can activate 
small Rho GTPases resulting from the activation of the c-Jun 
N-terminal kinase (JNK) pathway (37), which is also one 
of the downstream signaling pathways of RANKL-RANK 
signaling. In addition, Wnt proteins can signal through a 
calcium pathway that requires calcium mobilization and 
activation of PKC (37) modulated by Dvl. Nfatc1 can also be 
activated through the Ca2+-dependent calcineurin pathway 
following RANKL-induced osteoclast differentiation (38). 
Collectively, we estimate that the ephrin B2/Dvl2 complex 
may be one of the positive elements that modulates the induc-
tion of c-Jun/c-Fos and their transcriptional target, Nfatc1, in 
the RANKL-induced osteoclastogenesis of RAW264.7 cells.

Finally, this study explored whether EphB4-ephrin B2 
reverse signaling affected the expression level of Dvl2. Using 
Western blotting, we found that the bands for Dvl2 in the 
EphB4-Fc-treated group and the blank control group (without 
EphB4-Fc, Fc or RANKL) were weaker than those in the 
Fc treatment group following RANKL-induced osteoclasto-
genesis (Fig. 6B). This indicated that after binding of EphB4, 
the downstream signal of ephrin  B2 via Dvl2 inhibited 
RANKL-induced osteoclast differentiation of RAW264.7 
cells and in turn, down-regulated the expression level of Dvl2 
in a negative feedback mechanism.

It should be noted that this study has provided only 
biochemical proof for the interaction of Dvl2 and ephrin B2. 
However, we will perform gain-of-function and loss-of-func-
tion experiments to reveal the biological significance and the 
molecular mechanisms of Dvl2 in ephrin B2 reverse signaling. 
By proposing the participation of Dvl2 as a possible mediator 
downstream of the EphB4-ephrin B2 reverse signaling, we 
may provide a pharmacological target for modulating, at least 
in part, the coupling between osteoclasts and osteoblasts as a 
novel therapy for bone diseases. However, further studies are 
needed to explore this possibility. For example, what exact 

role does Dvl2 protein have downstream of EphB4/ephrin B2 
reverse signaling? Are there any other molecules related to the 
ephrin B2/Dvl2 complex that interact with RANKL-RANK 
signaling? Collectively, our results indicate that Dvl2 could 
be the potential PDZ-domain protein acting downstream of 
ephrin B2 in the RANKL-induced osteoclast differentiation 
of RAW264.7 cells, providing a potential novel therapeutic 
target for bone diseases.
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