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Breast cancer cells promote osteoblastic differentiation
via Sema 3A signaling pathway in vitro
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Abstract: Breast cancer bone metastases are attributed to multiple cellular and molecular interactions between
the cancer cells and the bone microenvironment. Some breast cancers (about 10%) manifest predominant os-
teoblastic bone metastases. However, the effects of cancer cell-produced factors on osteoblastic differentiation
are not fully understood. Semaphorin 3A (Sema 3A) is a newly identified regulatory factor of bone rebuilding. In
the present study, we demonstrated that human breast cancer MCF-7 cells, which preferentially form osteoblastic
bone metastases, exhibited increased Sema 3A expression levels. We also found that MCF-7 cell-derived Sema 3A
stimulated osteoblastic differentiation and nuclear B-catenin accumulation, and these effects could be blocked by
shRNA Sema 3A or a Sema 3A-neutralizing antibody. In conclusion, our data suggest that MCF-7 cell-derived Sema
3A plays a causative role in osteoblastic bone metastases progression by stimulating osteoblastic differentiation.
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Introduction

Breast cancer (BCa) is the most common can-
cer diagnosed in the United States and the sec-
ond leading cause of cancer deaths in women
[1, 2]. It metastasizes to bone in greater than
80% of patients with advanced disease [3].
Once bone metastases have occurred, they
cannot be cured effectively, and the patient
5-year survival rate falls dramatically to 20%
[4]. Breast cancer patients who develop bone
metastases suffer increased morbidity and
mortality, with enhanced bone pain, pathologi-
cal fractures, spinal cord compression, and
other nerve compression syndromes [5].

Cytokines and other factors produced by both
tumor and bone cells interact through a pro-
cess that has been described as a “vicious
cycle” of bone metastases [6, 7]. Mixed and
osteoblastic bone metastases occur in a sig-
nificant number of breast cancer patients [8],
although osteolytic metastases are most com-
mon. It is widely recognized that cancer cells
produce factors like bone morphogenic pro-
teins (BMPs), endothelin-1 (ET1), and platelet-

derived growth factor-BB (PDGF-BB) to contrib-
ute new bone formation [8-10]. However, the
precise osteoblastic metastases mechanism is
not fully understood. Additional factors likely
function to induce osteoblastic bone injury at
metastatic sites.

Sema 3A, a secreted axon guidance molecule,
is correlated with cancer cell migration, inva-
sion and angiogenesis [11-13]. Recently, Sema
3A was shown to stimulate osteoblastic differ-
entiation through the canonical Wnt/B-catenin
signaling pathway [14, 15]. It is therefore con-
ceivable that Sema 3A produced by breast can-
cer cells may significantly influence bone reb-
uilding in which cancer cells, osteoblasts, and
osteoclasts interact and stimulate bone metas-
tases development.

In this study, we examined the role of Sema 3A
produced by human breast cancer MCF-7 cells
in the regulating osteoblastic differentiation.
We found that Sema 3A down-expression in
MCF-7 cells by shRNA significantly decreased
osteoblastic differentiation enhancement of
MC3T3-E1 cells induced by MCF-7 conditioned
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Table 1. Primer sequences used for quantita-
tive real-time-PCR

Gene Primer sequences (5-3")
ALP F: ATGGTGAGCGACACGGACAAGA
R: GCCTGGTAGTTGTTGTGAGCGTAA
RUNX2 F: GCTGTTGTGATGCGTATTCCTGTA
R: GCTGTTGTTGCTGTTGCTGTTG
Collal F: ACAGGCGAACAAGGTGACAGAG
R: AGAACCAGGAGAACCAGGAGGA
OCN F: CGCTCTGTCTCTCTGACCTCAC
R: CGGAGTCTGTTCACTACCTTATTC
Osterix F: AGCGACCACTTGAGCAAACATC
R: GCGGCTGATTGGCTTCTTCTTC
B-actin F: GATGTGGATCAGCAAGCAGGAGTA
R: GCTCAGTAACAGTCCGCCTAGAAG

medium (CM). Meanwhile, MCF-7 cells-derived
Sema 3A promoted [B-catenin activation via
NRP1 during the osteoblastic differentiation
process. Our results suggest that Sema 3A pro-
duced in MCF-7 cells is an important mediator
in osteoblastic bone metastases development.

Materials and methods
Cell cultures

The MCF-7 and MDA-MB-231 human breast
cancer cell line, mouse pre-osteoblast cell line
MC3T3-E1 Subclone 14 were obtained from
American Type Culture Collection. MCF-7, MDA-
MB-231 cells were cultured in DMEM medium
supplemented with 10% fetal bovine serum
(FBS). For breast cancer cells CM, MCF-7, and
MDA-MB-231 cells (2 x 108) were transferred
into 75 cm? cell culture flasks and incubated
overnight in DMEM containing 10% FBS. The
medium was then changed to 10 ml DMEM
plus 0.5% FBS. CM was collected 24 h later,
centrifuged at 2,500 rpm for 10 min to remove
cell debris, and then stored at -80°C. Sema 3A
in CM was depleted by incubating with 3 ug/ml
Sema 3A neutralizing antibody (Santa Cruz, CA,
USA) or 10 pg/ml I1gG, followed by incubation
with Protein G agarose beads. The incubated
media was centrifuged to remove the beads,
and the supernatant was used for experim-
ents.

MC3T3-E1 cells were cultured in a-MEM medi-
um supplemented with 10% FBS. For differen-
tiation studies, MC3T3-E1 cells were cultured
in osteogenic supplements (OS) containing 10
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mM B-glycerol phosphate (Sigma, St. Louis,
MO, USA) and 50 pg/ml L-ascorbic acid 2-ph-
osphate (Sigma) with or without 10% (v/v)
breast cancer cells CM. Cultures were supple-
mented with fresh medium every two days.
Cells were analyzed for alkaline phosphatase
(ALP) activity and staining after 7 days and
Alizarin Red S staining after 14 days.

Transfection of Sema 3A shRNA

MCF-7 cells were transfected with shRNA lenti-
viral particles directed against Sema 3A
(5-TGCAGAAGATGGACAGTAT-3’), which sub-
stantially inhibited Sema 3A expression in our
previous studies, using Polybrene (Sigma)
according to manufacturer’s instruction (Ge-
nePharma, Shanghai, China). A non-targeted
oligonucleotide was used as a negative control.
Stably transfected cells of both types were
selected by 2.5 ug/ml puromycin (Sigma), and
Sema 3A expression was determined by west-
ern blotting using a specific Sema 3A antibody.
All analyses were performed using cells that
had been passaged less than four times.

Alkaline phosphatase (ALP) activity assay

ALP activity assays were performed using
hydrolysis of p-nitrophenyl phosphate (pNPP).
MC3T3-E1 cells were rinsed twice with PBS
and lysed by 0.3% Triton-100. For each sample,
20 pl cell lysate was incubated with p-nitrophe-
nyl phosphate (pNPP) as the substrate at 37°C.
The absorbance was measured at 405 nm
after 30 min incubation. The ALP activity was
normalized to the total protein content and
expressed in units of ymol/min/mg protein.

ALP and alizarin red S staining

ALP staining was performed using the BCIP/
NBT alkaline phosphatase color development
kit (Beyotime, Haimen, China) according to the
manufacturer’s instructions. Alizarin Red S
staining was determined as previously des-
cribed [16]. Briefly, calcium deposits from MC-
3T3-E1 cells were detected by staining with 2%
alizarin red S at pH 4.2 for 5 min and micropho-
tographed using a microscope.

Immunofluorescence

MCEF-7 cells and MDA-MB-231 cells were fixed
in 4% paraformaldehyde, permeabilized with
0.25% Triton X-100, and blocked in 1% bovine
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Figure 1. Breast cancer MCF-7 cells augment osteoblastic differentiation. MC3T3-E1 cells were plated at a density
of 2.5 x 10* cells/cm? and incubated with OS with or without 10% (v/v) breast cancer cells CM for the indicated
times. A. Representative ALP staining images (x 100). B. ALP activity quantitative data. C. Mineralization nodule
formation in MC3T3-E1 cells was assessed by Alizarin Red-S staining at 14 days (x 100). *, P < 0.05, vs. the 0S

group. n = 3.

serum albumin for 1 h. The slides were then
incubated with Sema 3A antibody (1:50) over-
night at 4°C, FITC second antibody for 1 h at
room temperature, and DAPI for 3 min. Images
were obtained using confocal microscopy (Lei-
ca, Wetzlar, Germany).

Western-blot analysis

Cell lysates were obtained using radioimmuno-
precipitation assay buffer supplemented with 1
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mM phenylmethylsulfonyl fluoride (Sigma, St.
Louis, MO). Nuclear proteins for detecting
B-catenin levels were prepared as previously
described [17]. CM of MCF-7 and MDA-MB-231
cells were concentrated by ultrafiltration.
Protein concentration was measured with Bici-
nchoninic Acid assay (Beyotime). For Wes-
tern blot analysis, equal protein amounts were
loaded and separated on 8% (w/v) sodium
dodecyl sulfate polyacrylamide gels and subse-

Int J Clin Exp Pathol 2015;8(2):1584-1593



BCa promotes osteoblastic differentiation via Sema 3A

A

Sema 3A T e -

GAPDH D

MDA-MB-231 MCF-7
C Sema 3A

MCF-7

MDA-MB-231

Sema 3A

oo+ D

MDA-MB-231 MCF-7

DAPI MERGE

Figure 2. MCF-7 cells express and produce high amounts of Sema3A as assayed using western-blot and immuno-
fluorescence analysis. A. Sema 3A expression in MCF-7 and MDA-MB-231 cells was compared via western-blot.
B. Sema 3A production of MCF-7 and MDA-MB-231 cells CM was compared via western-blot. C. MCF-7 and MDA-
MB-231 cells were plated on chamber slides and fixed, permeabilized, then incubated with Sema 3A antibody and
FITC-conjugated antibody (green). Nuclei were stained with DAPI (blue). Scale bar is 25 ym. n = 3.

quently blotted onto PVDF membrane. After
blocking with TBST containing 5% (w/v) bovine
serum albumin, the membranes were incubat-
ed with primary and horseradish peroxidase-
labeled secondary antibodies, respectively.
Then, the blots were detected with chemilumi-
nescence (ECL-Kit, Bio-Rad, Cambridge, MA,
USA) and quantified using Quantity One analy-
sis software, Version 4.4 (Bio-Rad).

Quantitative real-time-PCR

MC3T3-E1 cells were maintained in osteogenic
media for 7 days for detecting runt-related tran-
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scription factor 2 (RUNX2), ALP, and collagen
lal (Col lal) mRNA expression. The 14-day cul-
tures were used for detecting Osterix and
osteocalcin (OCN) mRNA expression. The total
RNA was extracted using RNAiso Plus reagent
(Takara, Dalian, China). cDNA was generated
from 1 pg of total RNA using PrimeScript RT
reagent kit (Takara) and amplified with the
primer pairs for RUNX2, ALP, Col lad, Osterix,
OCN, and B-actin. The primer sequences for the
transcript analysis are listed in Table 1. The
reaction data were collected in an ABI 7500
system (95°C for 30 s, followed by 40 cycles of
95°C for 5 s and 60°C for 34 s), and relative
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MRNA levels were calculated using the 224¢T
method.

Statistical analysis

Differences between experimental groups were
evaluated by two-sided unpaired Student’s
t-test or one-way analysis of variance (ANOVA)
using SPSS 17.0 software. Differences with a
P-value < 0.05 were considered statistically
significant. All figures shown in this article were
obtained from at least three independent
experiments with a similar pattern.

Results

MCF-7 cells promote osteoblastic MC3T3-E1
cell differentiation

To identify breast cancer cell effects on osteo-
blastic differentiation, osteoblastic progenitor
MC3T3-E1 cells were treated with OS contain-
ing 10% CM of human breast cancer MCF-7
cells or MDA-MB-231 cells. MCF-7 cells cause
osteoblastic bone metastases [18-20], where-
as MDA-MB-231 cells form typical osteolytic
bone metastases [6, 21, 22]. In keeping with
previous studies, alkaline phosphatase activity,
a specific marker of early osteoblastic differen-
tiation, was promoted by MCF-7 CM after 7
days of culture, whereas it was inhibited by
MDA-MB-231 CM (Figure 1A, 1B). Furtherm-
ore, MCF-7 CM significantly increased mineral-
ization nodule formation in MC3T3-E1 cells (a
specific late osteoblastic differentiation mark-
er), as demonstrated by Alizarin Red S staining
at 14 days (Figure 1C). Collectively, these find-
ings indicate that MCF-7 cells promote osteo-
blastic MC3T3-E1 cell differentiation in vitro.

Sema 3A is highly expressed and produced in
breast cancer MCF-7 cells

To explore Sema 3A’s role in breast cancer
bone metastases, we examined Sema 3A
expression in MCF-7 and MDA-MB-231 cells by
Western blot. We found that MCF-7 exhibited
higher Sema 3A expression levels than MDA-
MB-231 cells (Figure 2A). Futhermore, the
Sema 3A production of MCF-7 cells CM was sig-
nificantly higher than that of MDA-MB-231 cells
CM (Figure 2B). Consistent with the Western
blot results, Sema 3A’s fluorescence intensity
in MCF-7 cells was much greater than that in
MDA-MB-231 cells (Figure 2C). Together, our
results suggest that breast cancer cells with
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osteoblastic bone lesion potentials exhibit high
Sema 3A expression levels.

MCEF-7 cell-derived Sema 3A stimulates osteo-
blastic differentiation in vitro

Recent studies demonstrated that Sema 3A
exerts an osteoprotective influence by increas-
ing osteoblastic differentiation. To further
determine the role of MCF-7 cell-derived Sema
3A in the osteoblastic MC3T3-E1 cell differen-
tiation, we examined whether down-regulating
Sema 3A in MCF-7 cells may impact this pro-
cess. MCF-7 cells were stably transfected with
a Sema 3A shRNA (MCF-7%ma 34 or a non-tar-
geted oligonucleotide (MCF-7°). We observed
that shRNA transfection did not affect the
MCEF-7 cell proliferation (data not shown). As
expected, we found that the CM of MCF-7 cells
expressing a Sema 3A shRNA, which exhibited
obvious down-regulation of Sema 3A expres-
sion (Figure 3A), significantly decreased ALP
activity in MC3T3-E1 cells compared to the
blank control MCF-7 cells’ CM (MCF-7 CM,
Figure 3B, 3C). As shown in Figure 3D, osteo-
blastic differentiation induction with MCF-75¢ma
34 CM, but not MCF-7N¢® CM, also resulted in
obviously decreased mineralization nodule for-
mation in MC3T3-E1 cells compared to MCF-7
CM. Furthermore, down-regulating Sema 3A
expression diminished the promotion of Col-
1ad, ALP, RUNX2, OCN, and Osterix mRNA
expression induced by MCF-7 CM (Figure 3E
and 3F). More importantly, MCF-7 CM'’s effects
on ALP activity and mineralization nodule for-
mation was also decreased by a Sema
3A-neutralizing antibody but not by a nonspe-
cific polyclonal goat IgG (Figure 3G, 3H). Taken
together, these results show that Sema 3A is
indispensable for MCF-7 cell-induced osteo-
blastic formation of MC3T3-E1 cells.

MCF-7 cell-derived Sema 3A stimulates NRP1
expression and B-catenin nuclear accumula-
tion in MC3T3-E1 cells

Neuropilin-1 (NRP1) is the exclusive Sema 3A
receptor that supports Sema 3A signaling [23,
24]. To examine NRP1's importance for Sema
3A stimulating osteoblastic differentiation, we
measured NRP1 expression levels in MC3T3-E1
cells with or without MCF-7 CM stimulation. It
was found that NRP1 expression was low in the
presence of OS alone. On the other hand, treat-
ing MC3T3-E1 cells with MCF-7 cells CM for 1
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Figure 3. Down-regulating Sema 3A expression in MCF-7 cells reduces the potency of osteoblastic differentiation
induced by MCF-7 cells CM. (A) The Sema 3A expression of MCF-7 cells transfected with lentiviral vector expressing
Sema 3A shRNA or a non-targeted oligonucleotide was assessed by Western-blot analysis. (B, C) MC3T3-E1 cells
were cultured with 0S adding MCF-7 CM, or MCF-7"° CM, MCF-7 Sema 3A- CM for 7 days, then assayed for ALP ac-
tivity (B), or stained for ALP (C, x 100). (D) MC3T3-E1 cells were incubated with OS and MCF-7 cells CM for 14 days,
then stained with Alizarin Red S (x 100). (E, F) The relative mRNA expression levels of Collal, ALP, RUNX2 (E) and
OCN, Osterix (F) were determined by quantitative Real-time-PCR. (G, H) MC3T3-E1 cells were cultured with MCF-7
cells CM in the presence of Sema 3A neutralizing antibody for the indicated times. Representative ALP staining im-
ages for 7 days (G, x 100), Alizarin Red S staining images for 14 days (H, x 100). *, P < 0.05, vs. the OS group; #, P
< 0.05, vs. the MCF-7 CM group. n = 3.
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Discussion

determined by Western blotting. n = 3.

day greatly induced NRP1 expression, which
was partially but significantly inhibited by Sema
3A shRNA down-regulation of MCF-7 cells Sema
3A expression (Figure 4A).

It has been reported that Wnt/B-catenin signal-
ing is crucial to osteogenic differentiation [25,
26], so we next assessed if Sema 3Ais involved
in B-catenin nuclear accumulation in MC3T3-E1
cells. MC3T3-E1 cells were cultured in OS with
or without MCF-7 cells CM for 2 days, and the
levels of cytosolic phosphorylated B-catenin
(p-B-catenin, considered the inactive form of
B-catenin) and nuclear (B-catenin (considered
the active form) were determined by Western
blot. As shown in Figure 4B, p-B-catenin expres-
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therapeutic approaches. In the present
study, we have shown that the MCF-7
human breast cancer cells, which cause
osteoblastic bone metastases in vivo [8, 10,
18-20], produce great amounts of Sema 3A,
thereby promoting osteoblastic differentiation
in vitro. Down-regulating Sema 3A expression
in MCF-7 cells by shRNA significantly inhibited
osteoblastic MC3T3-E1 cell differentiation
induced by the MCF-7 CM. Consistent with
these results, Sema 3A neutralizing antibody
also reduced the stimulatory effect of the
MCF-7 CM on osteoblastic differentiation. Sim-
ultaneously, we found that MCF-7 cell-derived
Sema 3A promoted B-catenin activation and
nuclear accumulation by binding with specific
receptor NRP1 during the osteoblastic differen-
tiation process. Taken together, these results
strongly suggest that MCF-7 cell-derived Sema

Int J Clin Exp Pathol 2015;8(2):1584-1593
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3A has a causal role in breast cancer cell osteo-
blastic bone metastases development.

It has been recognized that some breast can-
cers (about 10%) manifest predominant osteo-
blastic bone metastases [8, 10, 19]. This sug-
gests that osteoblastic bone metastases in
breast cancer are not uncommon, whereas
most cases of bone metastases in breast can-
cer are osteolytic [6, 22]. Similar to osteolytic
metastases pathophysiology, the vicious cycle
hypothesis is also appropriate for osteoblastic
bone metastases, which are attributable to
tumor-produced factors that stimulate osteo-
blastic differentiation and bone formation. To
assess Sema 3A’s potential role in pathological
breast cancer bone metastases processes, the
MC3T3-E1 cells were cultured in OM with or
without MCF-7 CM. In the study, we showed
that the MCF-7 cells, which have more osteo-
blastic potential, expressed higher Sema 3A
levels compared to MDA-MB-231 cells. Down-
regulating Sema 3A by shRNA or neutralizing
antibody led to a trend of decreasing MCF-7
factor effectiveness in promoting osteoblast
formation. Furthermore, Sema 3A derived from
MCF-7 cells enhanced the nuclear B-catenin
accumulation by binding NRP1. Sema 3A’s bio-
logical activity requires its interaction with
NRP1 [28, 29]. Sema 3A treatment induces
NRP1 internalization and nuclear B-catenin
accumulation through FRAP-2-mediated Racl
activation [15], while the latter is crucial to
osteoblastic differentiation [25, 26]. These
results indicate that Sema 3A derived by MCF-7
cells stimulates the osteoblastic MC3T3-E1
cell differentiation, which is at least partially
mediated by the B-catenin signaling pathway.
Finally, it should be noted that down-regulating
Sema 3A expression could not completely
decrease MCF-7 CM-induced osteoblastic dif-
ferentiation indicators, suggesting that Sema
3A is necessary but not sufficient for MCF-7
CM’s osteogenic effects. Taken together, it is
suggested that factors other than Sema 3A are
responsible for the osteoblastic bone metasta-
ses caused by MCF-7 cells.

Sema 3A had been most extensively studied in
the nervous system [23, 30], but is now also
recognized to be involved in multiple physiologi-
cal and pathological processes. Recent reports
demonstrated that Sema 3A may function as
an inhibitor of angiogenesis by interfering with
NRP1-mediated VEGF signaling, and it can also
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affect cancer cells directly by inhibiting cancer
cell migration and invasion [11-13]. However,
Sema 3A’s effect on tumor progression in vivo
is still poorly understood. Meanwhile, we found
that Sema 3A has no effect on breast cancer
cell proliferation in vitro. Further studies are
required to determine whether Sema 3A may
affect cancer cell physiological function by an
autocrine manner and osteoblastic differentia-
tion by a paracrine manner in the bone metas-
tases process.

In conclusion, our results reveal novel mecha-
nisms underlying the direct breast cancer cell
effects on osteoblastic differentiation in vitro.
MCF-7 cells produce high Sema 3A levels,
which promotes osteoblastic differentiation,
and consequently stimulates osteoblastic bone
lesions. As a result, Sema 3A is a potential ther-
apeutic target for breast cancer osteoblastic
bone metastases, but further studies including
animal model and clinical specimens are nec-
essary to determine whether our experimental
findings described here can be extrapolated to
osteoblastic bone metastases in breast cancer
patients.
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