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Abstract: Bone metastasis is the most common complication in patients with solid tumors. Osteoclastogenesis and 
bone resorption contribute to the pathophysiology of osteoblastic bone metastasis, likewise with osteolytic bone 
metastasis types. Semaphorin 3A (Sema 3A) has been shown to inhibit RANKL-induced immunoreceptor tyrosine-
based activation motif signaling and osteoclastic differentiation, as well as promoting osteogenesis. We previously 
demonstrated that Sema 3A derived from osteoblastic bone metastasis MCF-7 breast cancer cells stimulates os-
teoblastic differentiation. In this study, MCF-7 cells were shown to stimulate osteoclastic differentiation in vitro. The 
stimulation of osteoclastogenesis and bone resorption in RAW264.7 cells and primary mouse bone marrow-derived 
macrophages by MCF-7 cells was furthermore shown to be enhanced by Sema 3A shRNA or a Sema 3A-neutraliz-
ing antibody. The downregulation of Sema 3A expression in MCF-7 cells further promoted p-PLCγ2 expression in 
RAW264.7 cells. Our findings highlight the importance of Sema 3A as a bidirectional regulatory factor in osteoblas-
tic metastasis: Sema 3A plays a protective role in breast cancer-induced osteoclastogenesis and osteolysis. Target-
ing Sema 3A for the treatment of osteoblastic metastasis, however, would require precise control and extensive 
further research.
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Introduction

Bone metastasis is the most common compli-
cation in patients with solid tumors [1, 2]. It is 
estimated that more than 80% of breast cancer 
and 90% of prostate cancer patients in ad- 
vanced stages harbor bone metastases. Bone 
metastasis is responsible for as much as 90% 
of cancer-associated mortality [3, 4] and is 
associated with clinical consequences includ-
ing bone pain, skeletal fractures, hypercalce-
mia, and spinal cord compression. These se- 
vere complications are collectively referred to 
as skeletal-related events (SREs). Bone metas-
tasis severely decreases the quality of life and 
5-year survival rates of patients.

Based on radiographic features, approximately 
15% of breast cancer cases and 90% of pros-
tate cancer cases are osteoblastic bone metas-
tases [5-7]. The newly formed bone is woven 
bone formed from collagen fibers that are ran-
domly oriented and loosely packed, resulting in 

weak bone that is more susceptible to fractures 
[8]. The differentiation and activity of osteo-
blasts and osteoclasts are both enhanced in 
osteoblastic bone metastasis sites and cancer 
bone metastasis, and bone lesions have been 
attributed to the interaction between cancer 
cells and the bone marrow microenvironment  
in a so-called ‘vicious cycle’. It is widely recog-
nized that cancer cell-derived factors such as 
bone morphogenic proteins (BMPs), endothe-
lin-1 (ET1), and platelet-derived growth factor-
BB (PDGF-BB) may promote osteoblastic differ-
entiation and new bone formation [8-10]. 
Antibone resorption strategies using bisphos-
phonate or receptor activator of NF-κB ligand 
(RANKL) monoclonal antibody have been shown 
to be effective in relieving the bone pain and 
delay the bone lesions resulting from bone 
metastasis. Considering the important role that 
osteoclasts play in osteoblastic metastasis, 
many studies have been conducted to explore 
the potential roles of osteoclasts and related 
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cellular and molecular mechanisms in osteo-
blastic metastasis.

Semaphorin-3A (Sema 3A), a secreted axon 
guidance molecule, has been shown to play a 
role in cancer cell migration, invasion, and an- 
giogenesis [9, 10]. Hayashi et al recently dem-
onstrated that Sema 3A produced by osteo-
blasts has bidirectional regulatory effects on 
osteoblasts and osteoclasts [11]: Sema 3A was 
found to bind to a specific receptor and stimu-
late osteoblastic differentiation through the ca- 
nonical Wnt/β-catenin signaling pathway; while 
osteoclastic differentiation was also found to 
be inhibited by Sema 3A via the suppression  
of RANKL-induced immunoreceptor tyrosine-
based activation motif (ITAM) signaling. It is 
therefore conceivable that Sema 3A produced 
by cancer cells may significantly influence bone 
rebuilding in which cancer cells, osteoblasts, 
and osteoclasts interact and stimulate the 
development of bone metastases.

We recently showed that Sema 3A plays a vital 
role in the osteoblastic differentiation induced 
by MCF-7 breast cancer cells [12], and the aim 
of this study was, therefore, to further explore 
the role of Sema 3A in the crosstalk between 
tumor cells and osteoclasts. We show here that 
Sema 3A downregulation by shRNA or a neu-
tralizing antibody further facilitates osteocl- 
astogenesis and bone resorption induced by 
MCF-7 breast cancer cells and that MCF-7 cell-
derived Sema 3A stimulates Neuropilin-1 (NR- 
P1) expression and inhibits phospholipase Cγ2 
(PLCγ2) phosphorylation in osteoclast precur-
sors. These findings highlight the importance of 
Sema 3A as a potential target for the treatment 
of osteoblastic metastasis. 

Materials and methods

Cell culture

RAW264.7 and MCF-7 breast cancer cells were 
obtained from the American Type Culture Co- 
llection (Manassas, VA) and cultured in DMEM 
containing 10% fetal bovine serum (FBS; Gibco, 
Grand Island, NY), 2 mM L-glutamine, 100 IU/
mL penicillin, and 100 mg/mL streptomycin. 
Cell cultures were maintained at 37°C in a 
humid environment with 5% CO2. To collect 
MCF-7 conditioned medium (CM), MCF-7 cells 
(2 × 106) were transferred into 75 cm2 cell cul-

ture flasks and incubated overnight. The medi-
um was then changed to 10 mL DMEM contain-
ing 0.5% FBS and CM was collected 24 h later, 
centrifuged at 1,000 g for 10 min to remove 
cell debris, and then stored at -80°C. Sema 3A 
in the CM was depleted by incubation with a 
Sema 3A-neutralizing antibody (Santa Cruz, 
Dallas, TX) or IgG as previously described [12].

Primary mouse bone marrow-derived macro-
phages (BMMs) were prepared as osteoclast 
precursors as described previously [13]. Briefly, 
the tibias and femurs of 4- to 6-week-old 
C57BL/6 mice were flushed with α-MEM, after 
which cells were centrifuged for 5 min at 300 g. 
The resulting cell pellet was resuspended in 
α-MEM supplemented with 10% FBS, 2 mM 
L-glutamine, 100 IU/mL penicillin, and 100 mg/
mL streptomycin before being cultured for 24 h. 
The non-adherent cells were harvested and cul-
tured for an additional 3 days in the presence 
of 20 ng/mL macrophage colony-stimulating 
factor (M-CSF, PeproTech, Rocky Hill, NJ). 
Floating cells were discarded, and the remain-
ing adherent cells were considered BMMs.

In vitro osteoclast differentiation

BMMs were seeded in 24-well plates at a den-
sity of 4 × 104 cells/well in α-MEM supplement-
ed with 10% FBS, M-CSF (20 ng/mL), and 
RANKL (50 ng/mL, PeproTech, Rocky Hill, NJ) in 
the presence or absence of 10% MCF-7 CM. 
Medium was changed every 2-3 days for 11 
days. RAW264.7 cells were seeded in 24-well 
plates at a density of 2 × 104 cells/well in 
DMEM supplemented with 10% FBS and RANKL 
(50 ng/mL) in the presence or absence of 10% 
MCF-7 CM. Medium was changed every 2-3 
days for 5 days.

Tartrate-resistant acid phosphatase (TRAP) 
staining of RAW264.7 cells and BMMs

To confirm the presence of osteoclasts, the cul-
tured cells were stained for TRAP using a TRAP 
Staining Kit (Sigma-Aldrich, St. Louis, MO) 
according to the manufacturer’s instructions. 
TRAP-positive multinucleated cells (MNCs; 
three or more nuclei) were considered osteo-
clast-like (OCL) cells and counted under light 
microscopy at a magnification of 50 × in five 
fields. Data are reported as number of TRAP-
positive MNCs. Each osteoclast formation 
assay was performed at least three times.
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Bone resorption assay

Bone slices (7 × 7 mm, 50 μm thick) were cut 
from bovine cortical femur with a low-speed, 
water-cooled diamond saw (Buehler, Lake Bluff, 
IL). Bone slices were cleaned by ultrasonication 
for 2 min in distilled water and then placed in 
70% ethanol overnight. Bone slices were incu-
bated in DMEM overnight and then incubated 
with RAW264.7 cells (4 × 104 cells/well) in 
24-well plates. RAW-264.7 cells were treated 
with RANKL (50 ng/mL) in the presence or 
absence of 10% MCF-7 CM. Medium was 
changed every 2-3 days for 5 days, after which 
the RAW264.7 cells were removed from the 
bone slices by sonication for 2 min in 5 mL 
ammonium hydroxide (0.25 M). Resorption pits 
were visualized under a Quanta 250 scanning 
electron microscope (FEI, Hillsboro, OR). Perc- 
entage resorbed bone surface area was quanti-
fied using Image J software (National Institutes 
of Health; http://imagej.nih.gov/ij/). 

Transfection of Sema 3A shRNA

MCF-7 cells were transfected with shRNA lenti-
viral particles directed against Sema 3A (5’-TG- 
CAGAAGATGGACAGTAT-3’) according to manu-
facturer’s instructions (GenePharma, Shanghai, 
China). This method of down-regulation was 
shown to substantially inhibit Sema 3A expres-
sion in our previous studies. A non-targeted oli-
gonucleotide was used as a negative control. 
Stably transfected cells of both types were 
selected using 2.5 μg/mL puromycin (Sigma). 

Western blot analysis

Cells were lysed on ice for 30 min by radioim-
munoprecipitation assay buffer supplemented 
with 1 mM PMSF (Sigma, St. Louis, MO). Protein 

concentration was determined by BCA protein 
assay kit (Beyotime, Jiangsu, China). Cell lysate 
samples with equal protein content were load-
ed and separated on 8% (w/v) SDS-PAGE before 
being blotted onto PVDF membrane. After 
blocking with TBST containing 5% (w/v) bovine 
serum albumin for 1 h, the membranes were 
incubated with primary antibodies (NRP1 
1:500; PLCγ2 1:500; phospho-PLCγ2 1:500; 
GAPDH 1:1000) overnight, then with horserad-
ish peroxidase-labeled secondary antibodies 
(1:5000) for 1 h. The blots were visualized 
using an ECL chemiluminescence Kit (Bio-Rad, 
Cambridge, MA) and quantified using Quantity 
One analysis software (Bio-Rad).

Quantitative real-time-PCR

Total RNA was isolated from RAW264.7 cells 
using RNAiso Plus reagent (Takara, Dalian, 
China). Single-stranded cDNA was generated 
from 1 μg of total RNA using PrimeScript RT 
reagent kit (Takara). Subsequently, quantitative 
real-time PCR was performed on an ABI 7500 
Sequencing Detection System (95°C for 30 s, 
followed by 40 cycles of 95°C for 5 s and 60°C 
for 34 s) using SYBR® Premix Ex Taq™ II (Takara). 
The osteclastogenesis marker genes cathepsin 
K (CK), calcitonin receptor (CTR), and TRAP 
were amplified with specific primer pairs and 
β-actin was included as housekeeping gene. 
The primer sequences used for qRT-PCR are 
listed in Table 1. Relative mRNA expression lev-
els of each gene were calculated using the 
2-ΔΔCT method.

Statistical analysis

Differences between groups were evaluated by 
one-way analysis of variance (ANOVA) using 
SPSS software system (version 17.0; SPSS, 
Chicago, IL, USA). Differences with P-values < 
0.05 were considered statistically significant 
and all date reported here were obtained from 
at least three independent experiments with a 
similar trend.

Results

MCF-7 cells stimulate osteoclastic differentia-
tion

Before exploring the role of Sema 3A in the 
osteoclast differentiation induced by osteo-
blastic breast cancer cells, the effects of MCF-7 

Table 1. Primer sequences used for quantita-
tive real-time-PCR
Gene Primer sequences (5’-3’)
CTR F: GCTTGCGGTGGTATTATCTCTTGG

R: CACTCAGCCAGCAGTTGTCATTG
TRAP F: TGACCACCTTGGCAATGTCTCTG

R: GATCTTGAAGTGCAGGCGGTAGAA
CK F: GGAAGAAGACCCACAGGAAGCAATA

R: GAGAAGCCTCAAGGTTATGGATGGA
β-actin F: GATGTGGATCAGCAAGCAGGAGTA

R: GCTCAGTAACAGTCCGCCTAGAAG
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breast cancer cells on osteoclastic differentia-
tion were assessed. RAW264.7 cells were cul-
tured with RANKL in the presence or absence 
of MCF-7 cell-CM. After 5 days of incubation, 
TRAP staining revealed more TRAP-positive 
MNCs in the presence of MCF-7 CM (Figure 1A 
and 1B). To further investigate the promoting 
effect of MCF-7 cells on osteoclastogenesis, 
the mRNA expression levels of osteoclastogen-
esis-related genes were also evaluated. CK, 
TRAP, and CTR are expressed during osteoclast 
differentiation, thereby characterizing the 
osteoclast phenotype. Our result showed the 
mRNA expression levels of CK, CTR, and TRAP 
to be significantly higher in cells treated with 
RANKL; and treatment of cells with MCF-7 CM 
was shown to further promote the expression 
of CK, TRAP, and CTR mRNA induced by RANKL 
(Figure 1C). Collectively, these findings indicate 
that MCF-7 cells augment osteoclastic differen-
tiation of RAW264.7 cells.

MCF-7 cell-derived Sema 3A attenuates 
RAW264.7 cell osteoclastic differentiation and 
activity induced by MCF-7 cells

We and other researchers have reported find-
ings that suggest that MCF-7 breast cancer 
cells with osteoblastic bone lesion potential 
exhibit high Sema 3A expression levels [12, 
14]. Meanwhile, it has been demonstrated that 
Sema 3A suppresses osteoclastic differentia-
tion by blocking the ITAM signaling pathways in 
RAW264.7 cells [11]. To study the effects of 
Sema 3A on osteoclastic formation in the path-
ological process of cancer-associated osteo-
blastic bone metastasis, RAW264.7 cells were 
cultured in the presence of RANKL for 5 days 
with or without MCF-7 cell CM containing differ-
ent Sema 3A protein levels. Downregulation of 
Sema 3A expression in MCF-7 cells by shRNA 
was found to further enhance the number of 
TRAP-positive MNCs induced by MCF-7 cell CM 

Figure 1. MCF-7 breast cancer cells augment osteoclastic differentiation. RAW264.7 cells were cultured in the ab-
sence or presence of 10% (v/v) MCF-7 cell conditioned medium (CM) for 2 hours before being treated with RANKL 
(50 ng/mL) for 5 days. Tartrate-resistant acid phosphatase (TRAP)-positive multinucleated cells (MNCs) containing 
three or more nuclei were counted as osteoclasts. A. Representative TRAP staining images. B. Osteoclast numbers 
were determined from five random fields at a magnification of 50 ×. C. The relative mRNA expression levels of the 
osteoclast marker genes cathepsin K (CK), calcitonin receptor (CTR), and TRAP were determined by quantitative 
real-time PCR. *P < 0.05 vs. the Blank group; n = 3.
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Figure 2. Reducing Sema 3A expression in MCF-7 cells further enhances the osteoclastic differentiation and bone 
resorption induced by MCF-7 cells in RAW264.7 cells. A-D. Sema 3A expression in MCF-7 cells was downregulated 
by transfection with a lentiviral vector expressing Sema 3A shRNA or a non-targeted oligonucleotide. RAW264.7 
cells were then treated with MCF-7 cell CM and RANKL as previously described. A. Representative TRAP staining 
images (50 × magnification). B. The number of TRAP-positive MNCs was determined from five randomly-selected 
fields. C. The mRNA expression levels of TRAP and CK were assessed by qPCR. D. Resorbed bone surfaces were vi-
sualized by scanning electron microscopy. E-G. RAW264.7 cells were cultured with MCF-7 cell CM in the presence of 
Sema 3A-neutralizing antibody or IgG. E. Representative TRAP staining images (50 × magnification). F. The number 
of TRAP-positive MNCs. G. mRNA expression levels of TRAP and CK. *P < 0.05 vs. the RANKL group; #P < 0.05 vs. 
the MCF-7 CM group; n = 3. 
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(Figure 2A and 2B). The mRNA expression lev-
els of the osteoclast marker genes TRAP and 
CK in RAW264.7 cells was assessed by qPCR, 
and as expected, the mRNA expression of TRAP 
and CK was further upregulated in response  
to MCF-7Sema 3A- CM (Figure 2C). To further de- 
termine the effect of Sema 3A on osteoclast 
function (bone resorption) induced by MCF-7 
CM, bovine bone slices were incubated with 
RAW264.7 cells in the absence or presence  
of MCF-7 CM. Scanning electron microscopy 
(Figure 2D) revealed that the bone resorption 
area of RAW264.7 cells treated with MCF-7 CM 
was double the size of that induced by RANKL 
alone. Unexpectedly, the bone resorption area 
in MCF-7Sema 3A- CM group was further signifi-
cantly promoted compared to MCF-7 CM group. 
More importantly, the effects of the MCF-7 CM 
on TRAP staining and the expression of osteo-
clast marker genes were also reduced by the 
Sema 3A-neutralizing antibody but not by non-
specific polyclonal goat IgG (Figure 2E-G). 
Taken together, these findings clearly demon-
strate that Sema 3A attenuated the osteoclas-
tic differentiation and activity induced by MCF-7 
cells in RAW264.7 cells.

MCF-7 cell-derived Sema 3A attenuates os-
teoclastic differentiation in BMMs induced by 
MCF-7 cells

To further determine the effects of Sema 3A 
derived from MCF-7 cells on osteoclasts, BMMs 
were also treated with MCF-7 cell CM in the 
presence of M-CSF and RANKL. After incuba-
tion for 11 days, the BMMs were stained for 
TRAP and the TRAP-positive MNCs were count-
ed. The results showed that MCF-7 cell CM also 
markedly increased the number of TRAP-
positive MNCs relative to the number in the 
group treated with RANKL alone. Meanwhile, 
downregulating Sema 3A expression in MCF-7 
cells also further promoted BMM osteoclastic 
differentiation induced by MCF-7 cell CM 
(Figure 3A and 3B). The mRNA expression lev-
els of TRAP and CK in BMMs were also further 
upregulated in response to Sema 3A shRNA 
(Figure 3C).

Sema 3A stimulates NRP1 expression but 
inhibits PLCγ2 phosphorylation in RAW264.7 
cells

NRP1 is the exclusive Sema 3A receptor that 
supports Sema 3A signaling [15, 16]. Sema 3A 

Figure 3. Reducing Sema 3A expression in MCF-7 cells further enhances bone marrow-derived macrophage (BMM) 
osteoclastic differentiation induced by MCF-7 cells. Sema 3A expression in MCF-7 cells was downregulated by an 
shRNA lentiviral vector, after which BMM cells were treated with MCF-7 cell CM and RANKL. A. Representative TRAP 
staining images (50 × magnification). B. The number of TRAP-positive MNCs was determined from five randomly-
selected fields. C. The mRNA expression levels of TRAP and CK were assessed by qPCR. *P < 0.05 vs. the RANKL 
group; #P < 0.05 vs. the MCF-7 CM group; n = 3. 
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treatment interferes with RANKL-induced Ple- 
xin-A1-TREM2-DAP12 complex formation by 
inhibiting NRP1 downregulation, subsequently 
blocking tyrosine phosphorylation of PLCγ2, 
and finally inhibiting the osteoclastic differenti-
ation in osteoclast precursors [11]. To assess 
the importance of NRP1 for Sema 3A regulation 
of osteoclastic differentiation in bone metasta-
sis, NRP1 protein expression in RAW264.7 cells 
stimulated with RANKL in the presence or ab- 
sence of MCF-7 cell CM for 1 day was assessed 
by western blot analysis. The protein expres-
sion of NRP1 was found to be highly upregulat-
ed in the MCF-7 cell CM treatment group, 
whereas this stimulation of NRP1 expression 
was markedly attenuated in RAW264.7 cells 
treated with MCF-7Sema 3A- CM (Figure 4A).

ts with bone metastasis that improve over- 
all patient survival. Gaining a greater under-
standing of the cellular and molecular mecha-
nisms involved in bone metastasis may facili-
tate the design of more effective and specific 
treatments for cancer patients with bone me- 
tastases. In the present study, we examined 
the role of Sema 3A in regulating the bone 
rebuilding induced by MCF-7 human breast 
cancer cells. Sema 3A downregulation by sh- 
RNA or a neutralizing antibody was shown to 
further facilitate osteoclastogenesis and bone 
resorption induced by MCF-7 breast cancer 
cells. These findings indicate that targeting 
Sema 3A may provide a novel therapeutic ap- 
proach for the treatment of metastatic breast 
cancer.

Figure 4. MCF-7 cell-derived Sema 3A stimulates NRP1 expression but in-
hibits PLCγ2 phosphorylation in RAW264.7 cells. (A) RAW264.7 cells were 
treated with MCF-7 cell CM before being treated with RANKL for 1 day. NRP1 
expression in RAW264.7 cells was examined as previously described. (B) 
RAW264.7 cells were treated with RANKL for indicated times and the expres-
sion levels of p-PLCγ2 and PLCγ2 were determined with specific antibodies. 
(C) RAW264.7 cells were treated with MCF-7 cell CM, incubated with RANKL 
for 60 min, and then analyzed for p-PLCγ2 and PLCγ2 expression (B).

Next we investigated wheth- 
er PLCγ2 activity is involved  
in osteoclastic differentiation 
induced by MCF-7 cell CM. 
RAW264.7 cells were cultured 
with RANKL for different dura-
tions before being analyzed 
for phosphorylated PLCγ2 
(p-PLCγ2) levels. As shown in 
Figure 4B, p-PLCγ2 levels 
were found to increase in a 
time-dependent manner and 
peaked with 60 min incuba-
tion, whereas PLCγ2 expres-
sion did not vary significantly 
with time. The addition of 
MCF-7 cell CM was also shown 
to have no significant effect 
on p-PLCγ2 levels. By contr- 
ast, p-PLCγ2 expression was 
shown to be promoted by the 
downregulation of Sema 3A in 
MCF-7 cells (Figure 4C).

Discussion

Advances in oncological res- 
earch have resulted in the 
overall life expectancy of can-
cer patients improving in re- 
|cent years, and accordingly, 
the number of patients suffer-
ing from cancer-induced bone 
lesions has increased. There 
are, however, few successful 
treatment options for patien- 
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Osteoclastogenesis and bone resorption also 
contribute to the pathophysiology of bone 
osteoblastic metastasis, likewise with osteo-
lytic metastasis types. Osteoclastic bone 
resorption may be essential for osteoblastic 
metastasis to initiate new bone formation [17]. 
Although often characterized as osteoblastic, 
bone metastases in most prostate cancer 
patients usually have an underlying osteolytic 
component in conjunction with osteosclerosis 
[18, 19]. Osteoclast formation induced by mac-
rophage inhibitory cytokine-1 has been shown 
to significantly promote the development of 
prostate cancer in a mouse model [20]. Mea- 
nwhile, it must be noted that osteoblastic bone 
metastasis occurs in a significant number of 
breast cancer patients, although osteolytic 
metastasis is the most common form of the 
metastasis [8]. MCF-7 is a typical and common-
ly used breast cancer cell line, which preferen-
tially forms osteoblastic bone metastasis [21, 
22]. In an MCF-7 xenograft mouse model, 
osteoclast number and activity were both found 
to be markedly elevated, resulting in the ap- 
pearance of radiographically evident bone 
lesions [22].

Bisphosphonates are the drugs currently avail-
able for the treatment of osteoblastic metasta-
sis [23]; however, even the most powerful of 
these agents, zoledronic acid, only prevents a 
portion of SREs [24]. Meanwhile, it has been 
reported that bisphosphonate may promote 
osteoblastic differentiation, which may be ha- 
rmful for osteoblastic metastasis [25]. RANKL 
inhibition has revolutionized the management 
of various bone metastases, representing the 
spectrum of osteolytic, osteoblastic, or mixed 
lesion types, reducing both bone destruction 
and skeletal tumor progression [26, 27]. The 
high cost and severe side effects associated 
these two therapies, including renal impair-
ment and jaw osteonecrosis, require careful 
consideration when deciding on a treatment 
strategy for bone metastasis [24]. While the 
pursuit for safe and effective therapies for 
osteoblastic metastasis continues, the cellular 
and molecular mechanisms underlying cancer 
osteoblastic bone lesion have not been fully 
elucidated. 

Sema 3A, a secreted member of the semapho-
rin family, has been shown to have dual-regula-
tory effects on normal bone rebuilding by con-

trolling the differentiation and activity of 
osteoblasts and osteoclasts [11]. Bone homeo-
stasis depends on the balance between osteo-
blast-induced bone formation and osteoclast-
induced bone resorption during bone remo- 
deling. The role of Sema 3A has been explored 
in many bone-related pathologic statuses 
including osteoporosis [28, 29] and lower back 
pain [30]. Sema 3A exerts its biological activity 
via interactions with NRP1. Sema 3A facilitates 
the translocation of β-catenin, thereby stimu-
lating osteoblastic differentiation. The binding 
of Sema 3A to NRP1 on the other hand also 
sequesters Plexin-A1 from TREM2-DAP12, wh- 
ich is responsible for RANKL-induced ITAM sig-
naling and osteoclastic differentiation. We pre-
viously reported that Sema 3A expression is far 
higher in osteoblastic MCF-7 cells than in MDA-
MB-231 breast cancer osteolytic cells, which is 
consistent with previous studies [12, 14]. This 
observation suggests that Sema 3A derived 
from breast cancer cells may play a role in 
osteoclastic differentiation and bone resorp-
tion in osteoblastic metastasis.

In this study, MCF-7 CM was found to facilitate 
the osteoclastic differentiation of RAW264.7 
cells and BMMs, which is in agreement with 
previously reported findings [31, 32]. Interes- 
tingly, downregulating Sema 3A expression in 
MCF-7 cells resulted in an enhancement of this 
MCF-7 CM effect. An assessment of resorption 
pits in bone slices revealed that bone resorp-
tion activity was likewise further promoted by 
shRNA-mediated Sema 3A downregulation in 
MCF-7 cells. To assess the nature of the regula-
tory effect of the Sema 3A produced by MCF-7 
cells on osteoclastic differentiation, the activity 
of PLCγ2, a downstream ITAM signaling mole-
cule, was assessed. p-PLCγ2 expression was 
shown to be markedly stimulated by RA- 
NKL. A clear increase in p-PLCγ2 levels after 
the addition of MCF-7Sema 3A- CM (CM from cells 
in which Sema 3A expression was inhibited by 
shRNA) was observed. Taken together, these 
findings suggest that Sema 3A derived from 
MCF-7 cells may act as a permissive factor for 
osteoblastic bone metastasis of MCF-7 breast 
cancer cells by inhibiting osteoclastic differen-
tiation, although other factors produced by 
MCF-7 cells may promote osteoclastic differen-
tiation. Given that MCF-7 cell-derived Sema 3A 
stimulates osteoblastic MC3T3-E1 cell differ-
entiation, Sema 3A may serve as an important 
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target for the treatment for osteoblastic metas-
tasis. It should be noted, however, that this 
study was only conducted in an in vitro model, 
and that further studies are therefore required 
to determine whether Sema 3A has the same 
effects in osteoblastic metastases animals and 
humans.

It should also be noted that osteoclastic bone 
resorption may contribute to the pathophysiol-
ogy of osteoblastic metastasis. Bisphosphonate 
has been shown to reduce skeletal morbidity in 
patients with osteoblastic disease [33]. RANKL 
inhibition by osteoprotegerin-Fc treatment was 
found to block osteoclast activity and prevent 
tumor-induced osteolysis as well as to marked-
ly decrease the skeletal tumor burden in a 
breast cancer MCF-7 cell bone lesion model 
[22]. Research published in this field has indi-
cated that the inhibition of osteoclastic differ-
entiation and activity may decrease the morbid-
ity of SREs and step down the process of 
osteoblastic metastasis. In this way, cancer 
cell-derived Sema 3A may play a protective role 
for cancer osteoblastic lesions, while also 
inhibiting the excessive osteoclastic differenti-
ation induced by cancer cells. Inhibiting the 
expression of Sema 3A or neutralizing its func-
tion in the microenvironment of bones with 
metastasis is not an effective strategy for the 
treatment of osteoblastic metastasis. In fact, 
Sema 3A can be considered a potentially effec-
tive therapeutic target for osteoblastic metas-
tasis only when osteoblast enhancement by 
Sema 3A inhibition can be achieved without 
impacting its effect on osteoclasts (and/or can-
cer cells).

In conclusion, the findings reported here reveal 
novel mechanisms for osteoblastic metastasis. 
Besides the promotion of osteoblastic differen-
tiation, cancer cell-derived Sema 3A was shown 
to block osteoclastogenesis and bone resorp-
tion, consequently regulating cancer osteoblas-
tic bone lesions. Although the work presented 
here indicates that Sema 3A plays an impor-
tant role in the cancer bone microenvironment, 
our study was restricted to in vitro cell experi-
ments. Further research is required to deter-
mine whether the experimental findings des- 
cribed here can be extrapolated to osteoblastic 
bone metastases in breast cancer and pros-
tate cancer patients. 
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