INTERNATIONAL JOURNAL OF ONCOLOGY 53: 1354-1362, 2018

Biological effects of BMP7 on small-cell lung
cancer cells and its bone metastasis
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Abstract. Small-cell lung cancer (SCLC) is typically fatal
if untreated. It is characterized by early and widespread
metastases, and has the ability to rapidly develop resistance
to chemotherapy. Bone morphogenetic protein 7 (BMP7), a
member of the BMP family of signaling molecules, has been
implicated in various types of cancer, particularly prostate
cancer and breast cancer. However, there is little knowledge
of the function of BMP7 in SCLC. The aim of the present
study was to investigate the biological function of recombinant
human (th)BMP7 on SCLC cells and the underlying molecular
basis for this regulatory mechanism. The effect of rhBMP7
on SCLC cell lines and associated signaling pathways was
investigated. Results suggested that thBMP7 significantly
inhibited the proliferation, motility and invasion of SBC-3
and SBC-5 cells. However, thBMP7 exhibited no effect on the
apoptosis of SBC-5 cells, but promoted apoptosis of SBC-3
cells. Furthermore, cell cycle analysis revealed that hBMP7
was able to increase the proportion of cells in G, phase and
decrease the S phase proportion. Total and membrane BMP
receptor (BMPR)IA and BMPRIB were highly expressed in
SBC-5 cells, whereas cytoplasmic BMPRIA and BMPRIB
expression was higher in SBC-3 cells. However, activin A
receptor type I expression was higher in SBC-3 cells in total
and cytoplasmic proteins. Furthermore, following stimulation
with thBMP7, Smad2, Smad4 and p21 were downregulated.
We hypothesized that thBMP7 inhibited the progressiveness
of SCLC cells by inducing G, phase arrest and inhibiting
S phase entry. The results of the present study indicated that
BMP7 serves a key function in regulating the progression of
SCLC.
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Introduction

Small-cell lung cancer (SCLC) constitutes ~20% of all lung
cancer cases. It is the most aggressive form and a rapidly metas-
tasizing malignancy, with a high propensity to metastasize to
bone. The metastasis is formed by disseminated tumor cells in
distant organs, and is the primary cause of cancer-associated
mortality in the majority of patients with cancer. Bone is one of
the most common sites of metastasis for several types of tumor,
including breast, prostate and lung cancer, and is accompanied
by severe complications (1). Tumor metastasis is regulated by
a complex molecular signaling network, which may be a major
cause of poor prognosis in lung cancer. The interaction of
tumor cells with the local microenvironment at the metastatic
site serves a critical function in the establishment of metastases.
Bone morphogenetic proteins (BMPs) are signaling mole-
cules that belong to the transforming growth factor 3 (TGFf)
superfamily and are pluripotent regulators of embryonic
development and organogenesis, and tissue remodeling and
repair (2,3). As their name implies, BMPs were first identified
by their ability to induce ectopic bone in vivo (4,5). To date,
>20 BMP family members have been identified in humans.
Of these BMPs, BMP7 is a high-profile molecule owing to its
pluripotent ability to regulate cellular differentiation, prolifera-
tion and apoptosis (6). As BMP-7 is a broad-spectrum growth
factor, there is increasing interest in investigating its function in
various malignancies, particularly bone metastasis. For example,
BMP7 was identified to inhibit bone metastasis formation and
growth in animal models of breast and prostate cancer (7,8).
TGFp family members, including BMPs, exhibit structural
similarity and a cysteine knot (9). BMP-induced gene responses
are transduced by surface serine/threonine kinase receptors and
Smad family transcription factors (10). The membrane recep-
tors contain three type I receptors [BMP receptor (BMPR)IA,
BMPRIB and activin A receptor type (ACVR)I and three
type II receptors (BMPRII, ACVR2A, AVCR2B) that specifi-
cally bind to BMP ligands (11). Upon binding, BMPs activate
these membrane receptors, which in turn phosphorylate the
cytosolic Smad proteins. Through a versatile system of Smad
co-regulators, different responses of BMPs are initiated (12).
In addition, BMPs also utilize Smad-independent path-
ways, including extracellular-signal-regulated kinase, c-Jun
N-terminal kinase (JNK), and p38 mitogen-activated protein
kinase pathways to transmit signals (13,14). The cross-talk
among these important cellular signaling pathways contributes
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to the highly intricate and multifunctional effects of BMPs
in cancer. Signaling of BMPs are intracellularly regulated
by the inhibitory Smads Smad6 and Smad7, extracellularly
by the expression of a pseudoreceptor (BMP and activin
membrane-bound inhibitor homolog) (15), and by secreted
BMP antagonists, including noggin (16) and gremlin (17).
Owing to the complexity of the signaling networks associated
with BMPs, research into BMPs by demonstrating their stimu-
lation may result in diverse, even contradictory, phenotypes
depending on the ligand and the type of cancer investigated.
The research field is currently controversial and the impact of
BMP7 on SCLC as well as its downstream signaling pathway
requires elucidation, which may in turn provide new insights
as a therapeutic target for the clinical treatment of SCLC.

Materials and methods

Cell culture. The human SCLC cell lines SBC-3 and SBC-5
were gifts from Professor Saburo Sone and Professor Seiji Yano
(Tokushima University, Tokushima, Japan). Cells were incubated
at 37°C with 5% CO, in RPMI-1640 medium supplemented with
10% heated-inactivated fetal bovine serum (FBS) (both from
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA).

Cell proliferation assay. SBC-3 and SBC-5 cells were plated
in 96-well plates at a concentration of 3,000 cells/well and
cultured in RPMI-1640 medium containing recombinant
human (th) BMP7 (EMD Millipore, Billerica, MA, USA) at
sequential concentrations (0, 50, 100, 150 and 200 ng/ml).
At the indicated time-points, an MTT assay was performed
to determine the cell proliferation rate (24, 48 and 72 h).
Briefly, 20 ul MTT solution (5 mg/ml; Sigma; Merck KGaA,
Darmstadt, Germany) was added to each well. After 3 h of
incubation at 37°C, the MTT solution was removed and 150 pl
DMSO was added to the wells to dissolve the blue formazan
crystals. Finally, the optical density values were determined at
a wavelength of 490 nm using a Model 680 microplate reader
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

To investigate further the effect of rhBMP7 on cell prolif-
eration, SBC-3 and SBC-5 cells were seeded into 96-well
plates and incubated for 6 days (the day of plating was desig-
nated day 0). Each cell line was divided into three groups:
Group A cells were incubated in RPMI-1640 medium with
150 ng/ml thBMP7 between days 1 and 6 (+/+/+); for group B
cells, thBMP7 was supplied only on days 3 and 4 (-/+/-); and
group C cells (control) were maintained in the RPMI-1640
medium without thBMP7 (-/-/-). MTT assays were performed
every 24 h. Each test was performed three times for accuracy.

Migration and invasion assays. Transwell inserts (8.0 ym pore
size) were coated with 70 pl Matrigel (1:8 dilution) (both from
Corning Incorporated, Corning, NY, USA). SBC-3 or SBC-5
cells at a density of 2x10* were resuspended in 200 1 serum-free
RPMI-1640 medium and were then transferred to the upper
chamber. A 500 ul volume of standard cell culture medium
with or without hBMP7 was added to the lower chamber. The
cells were allowed to pass through the inserts for 24 h at 37°C.
The Matrigel and non-invading cells were removed using cotton
swabs, whereas cells that had migrated through the Matrigel
were fixed with 95% ethyl alcohol and stained with 0.5% crystal
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violet, and images were captured under a light microscope at
x200 magnification. The mean number of migrated cells on one
insert was determined in five high-magnification fields of view
selected randomly. Each assay was performed three times.

For the migration assay, the inserts were not coated with
Matrigel. The other processes were similar to the invasion
assay. Finally, the fields of view for migrated cells were
selected randomly for analysis.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from SBC-3 and SBC-5
cells with TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) and reverse-transcribed into cDNA using a PrimeScript RT
reagent kit (Takara Bio, Inc., Otsu, Japan), according to the manu-
facturer's protocol. mRNA expression levels of BMPRIs were
determined using qPCR in a Bio-Rad iCycler IQ™ 5 instrument
(Bio-Rad Laboratories, Inc.) with SYBR Master mix (Takara Bio,
Inc.) and -actin was used as a reference. The PCR procedure was
as follows: Pre-denaturation at 95°C for 30 sec; 40 cycles of dena-
turation at 95°C for 5 sec and annealing at 60°C for 30 sec. The
data were analyzed using the comparative Cq (2"24°) method (18).
The primers used were as follows: BMPRIA forward, 5-AGA
TGACCAGGGAGAAACCAC-3' and reverse, 5-CAACATTCT
ATTGTCCGGCGTA-3'; BMPRIB forward, 5-CTTTTGCGA
AGTGCAGGAAAAT-3" and reverse, 5S-TGTTGACTGAGT
CTTCTGGACAA-3'; ACVRI forward, 5-GTGAAGGTCTCT
CCTGCGGTA-3' and reverse, 5-GCCATCGTTGATGCTCAG
TGA-3'; B-actin forward, 5-GATCATTGCTCCTCCTGAGC-3'
and reverse, 5'-CACCTTCACCGTTCCAGTTT-3.

Protein extraction and western blot analysis. Total protein
was extracted using radioimmunoprecipitation assay buffer,
and the membrane and cytosolic proteins were separated using
a Membrane and Cytosol Protein Extraction kit (Beyotime
Institute of Biotechnology, Haimen, China). Protein concentra-
tions were determined using a bicinchoninic acid protein assay
kit (Pierce; Thermo Fisher Scientific, Inc.). Equal amounts
of protein (30 ug) were separated by SDS-PAGE (10% gels)
and transferred onto polyvinylidene difluoride membranes.
Following blocking with 5% non-fat dry milk in Tris-buffered
saline containing 0.05% Tween-20 for 1 h, membranes were
incubated overnight at 4°C with specific primary antibodies:
Anti-BMPRIA and anti-BMPRIB (cat. nos. ABD51 and
ABDS0, respectively; 1:10,000; EMD Millipore), anti-ACVRI
(cat. no. 4398; 1:1,000; Cell Signaling Technology, Inc.,
Danvers, MA, USA), anti-BMP7 (cat. no. ab56023; 1:500),
anti-Smad?2 (cat. no. ab40855; 1:1,000), anti-Smad4 (cat.
no. ab40759; 1:1,000) and anti-p21 (cat. no. ab109520; 1:1,000)
(all from Abcam, Cambridge, UK), and anti-f-actin (cat.
no. A5441; 1:10,000; Sigma; Merck KGaA). The membranes
were incubated with horseradish peroxidase (HRP)-labeled
goat anti- mouse/rabbit secondary antibody (1:2,500; OriGene
Technologies, Inc., Beijing, China) for 1 h at room tempera-
ture. Finally, the relative content of the target proteins was
determined using a chemiluminescence detection system
(Gel Doc XR System) and analyzed by Image Lab software
(version 2.0) (both from Bio-Rad Laboratories, Inc.).

Flow cytometric analysis. Cell cycle and apoptotic analyses
were performed after 48 h of incubation with rhBMP7 in SBC-3
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and SBC-5 cells. Briefly, to determine the cell cycle distribution,
1x10° cells were harvested and washed with PBS. Subsequently,
400 pl Cell Cycle Rapid Detection Solution (Dakewe Biotech
Co., Ltd., Shenzhen, China) was added and the cellular DNA
content was detected by flow cytometry at an excitation wave-
length of 488 nm. The cell cycle distribution was analyzed using
CellQuest (version 5.1) and ModFit software (version 3.0) (both
from BD Biosciences, Franklin Lakes, NJ, USA).

Cell apoptosis was detected using an Annexin V-fluorescein
isothiocyanate (FITC)-propidium iodide (PI) kit (Nanjing
KeyGen Biotech Co., Ltd., Nanjing, China). Briefly, 1x10° cells
were collected, washed and resuspended in 200 ul 1X binding
buffer. Subsequently, 10 yl Annexin V-FITC and 5 ul PI were
added and incubated for 15 min at room temperature in the dark.
Subsequently, 300 pl binding buffer was added to each tube
prior to analysis using a FACSCalibur system (BD Biosciences).

In vivo tumor formation assay. All animal studies were
performed in accordance with the protocol approved
by the Laboratory Animal Care of The Fourth Military
Medical University (Xi'an, China). Ten female non-obese
diabetic (NOD)/severe combined immunodeficient (SCID)
mice (weighing between 15 and 17 g) aged between 4 and
5 weeks (Huafukang Bioscience Co., Inc., Beijing, China) were
used for the tumorigenic ability assay and divided into two
groups (each group consisted of 5 mice). The mice were bred
in a special pathogen-free grade animal facility of the Fourth
Military Medical University. The mice were housed in a 12-h
light/12-h dark cycle environment, with ad libitum access to
food and water. SBC-3 cells and SBC-5 cells in the exponen-
tial phase were collected, washed, counted and resuspended
in PBS. In total, 2x10° cells were injected into the mice via
the tail vein. Mice were examined daily for general health and
the progression of masses for 6 weeks. At the experimental
endpoint, mice were sacrificed by anesthetization (200 mg/kg
intraperitoneal pentobarbital sodium; Sigma; Merck KGaA)
and bone metastases were examined by X-ray (model MX-20;
Faxitron Bioptics, LLC, Tucson, AZ, USA). Masses in the
bone were collected, fixed in 10% neutral-buffered formalin,
embedded in paraffin, sectioned at 4 ym, stained with hema-
toxylin and eosin (H&E) and then visualized microscopically.

Immunohistochemistry. Paraffin-embedded sections (4 ym)
of tibial bone were dewaxed with xylene, rehydrated in a
descending alcohol series and then immersed in 3% H,0, solu-
tion for 10 min to inhibit endogenous peroxidase activity. For
antigen retrieval, slides were boiled in citrate buffer (pH 7.0)
for 10 min in a microwave. Following blocking with 1% bovine
serum albumin, the sections were incubated with polyclonal
anti-BMP7 antibody (cat. no. ab27569; 1:50; Abcam) at
4°C overnight. Following incubation with HRP-conjugated
secondary antibody for 1 h at room temperature, slides were
developed with 3,3'-diaminobenzidine for 40 sec and counter-
stained with hematoxylin for 1 min. The primary antibody was
replaced by PBS in negative controls. Two pathologists who
were blinded to the clinical and histopathological outcomes
evaluated the results of the staining independently.

Statistical analysis. Results are presented as the mean - stan-
dard abbreviation. For in vitro experiments, Student's t-test
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or one-way analysis of variance was used to determine the
differences in BMP7 treatment on cell biological behaviors.
P<0.05 was considered to indicate a statistically significant
difference. Statistical tests were performed using SPSS soft-
ware (version 13.0.0; SPSS, Inc., Chicago, IL, USA).

Results

rhBMP7 inhibits the proliferation of SCLC cells. SBC-3
and SBC-5 cells were treated with various concentrations
of thBMP7 (0-200 ng/ml) for 24, 48 and 72 h. As presented
in Fig. 1, thBMP?7 inhibited cell proliferation in a dose- and
time-dependent manner. Specifically, rhBMP7 inhibited
cell proliferation at a concentration of =150 ng/ml after 24 h
(P<0.05), and after 48 h, 100 ng/ml thBMP7 began to exhibit
a clear inhibitory effect (P<0.01). At 72 h, however, the cells
rapidly proliferated at all concentrations of rhBMP7. Among
the three high concentrations tested (100, 150 and 200 ng/ml),
no significant differences were observed in the inhibition
of cell proliferation. On the basis of these results, a dose of
150 ng/ml was selected for further analyses.

rhBMP7 suppresses the proliferation of SCLC cells in a
reversible manner in vitro. The effect of thBMP7 on cell
proliferation was investigated further. As presented in Fig. 2,
it was identified that thBMP7 treatment (+/+/+) significantly
suppressed the proliferation of SBC-3 and SBC-5 cells
compared with control cells (-/-/-), which were cultured in
the absence of rhBMP7 throughout the period. Notably,
withdrawal of thBMP7 (-/+/-) rescued the cell proliferation,
suggesting that thBMP7-induced inhibition was reversible.

rhBMP7 inhibits the migratory and invasive potential of SCLC
cells. Next, the function of hBMP?7 in cell migration and inva-
sion of SCLC cells was investigated using in vitro Transwell
assays. The Transwell assays revealed that the number of migra-
tory SBC-3 cells was decreased from 163-20 without thBMP7
to 116-16 with rhBMP7, and the number of invasive SBC-3 cells
was decreased from 119-15 to 73-11 (both P<0.05; Fig. 3A). For
SBC-5 cells, thBMP7 decreased the number of migratory cells
from 173-22 to 121-14, and the number of invasive cells from
167-19 to 113-13 (both P<0.05; Fig. 3B). These results indicated
that rhBMP7 was able to inhibit the migratory and invasive
potential of SBC-3 and SBC-5 cells.

rhBMP7 induces G, phase arrest in SCLC cells. To investigate
whether the inhibition of proliferation reflected attenuation of
cell apoptosis and cell cycle, SBC-3 and SBC-5 cells treated
with 150 ng/ml thBMP7 for 48 h were subjected to flow cyto-
metric analysis. As presented in Fig. 4A, thBMP7 significantly
increased the apoptosis of SBC-3 cells (4.6-0.8 vs. 7.5-1.1%;
P<0.05), but did not influence the apoptosis of SBC-5 cells
(9.8-2.3 vs. 10.7-2.8%; P>0.05). There may be distinct mecha-
nisms of rhBMP7 regulation of the proliferation between
SBC-3 and SBC-5 cells.

With regard to the influence on cell cycle, thBMP7 clearly
decreased the proportion of cells in S phase in SBC-3 cells
(from 41.86-3.4 to 30.35-2.1%) and increased the cells in
G, phase (from 41.37-2.9 to 51.40-4.2%). However, in SBC-5
cells, this effect was not as evident as it was in SBC-3 cells. The
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Figure 1. Effect of rhBMP7 on the proliferation of small-cell lung cancer cells. OD values of (A) SBC-3 cells and (B) SBC-5 cells incubated with hBMP7 for
48 h. OD values of (C) SBC-3 cells and (D) SBC-5 cells incubated with thBMP7 for 24,48 and 72 h. "P<0.05 vs. control group; “P<0.05 vs. 24 h group and 48 h
group. thBMP7, recombinant human bone morphogenetic protein 7; OD, optical density.
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Figure 2. Effect of thBMP7 on the proliferation of small-cell lung cancer cells. Proliferation curves in (A) SBC-3 and (B) SBC-5 cells. The (+/4+/+) group was
treated with thBMP7 between days 1 and 6; the (-/+/-) group was supplied with rhBMP7 only on days 3 and 4; and the (-/-/-) group was the control in which the
cells were maintained in the medium without thBMP7. thBMP7, recombinant human bone morphogenetic protein 7; OD, optical density.

proportion of cells in S phase was decreased from 49.98-4.5
to 48.83-3.7%, whereas the proportion of cells in G, phase
was increased from 42.16-3.1 to 44.18-3.6%, suggesting that
rhBMP7 induced G; arrest in SBC-3 cells (Fig. 4B).

Expression of BMPRIs in SCLC cells. The results of the
in vitro experiments suggested that thBMP7 inhibited cell
proliferation reversibly, which may serve an important func-
tion in tumorigenesis and formation of metastasis. Therefore,
the expression of BMPRIs was investigated in SBC-3 and
SBC-5 cells. Expression of the three type I receptor subtypes
(BMPRIA, BMPRIB and ACVRI) was determined using
RT-qPCR (Fig. 5A) and western blot analysis (Fig. 5B). The
levels of three type I receptor subtypes (BMPRIs) were higher
in SBC-5 cells compared with in SBC-3 cells at the mRNA

level. With regard to proteins, there were certain notable
results. In order to identify the functional receptors, membrane
proteins were extracted separately. The expression levels
of BMPRIA and BMPRIB in total proteins and membrane
proteins were consistent with the results of qPCR. However,
cytoplasmic BMPRIA and BMPRIB were higher in SBC-3
cells. Furthermore, expression of ACVRI was higher in SBC-3
cells in total and cytoplasmic proteins, although it was only
weak. It was not possible to detect the expression of membrane
ACVRI. It may be hypothesized that distinct expression
patterns of BMPRIs in SBC-3 and SBC-5 cells determined the
functions that BMP7 imposed on them.

BMPY7 is significantly decreased in bone metastasis. The results
of the present study supported the hypothesis that trhBMP7
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Figure 3. Effect of thBMP7 on migration and invasion in small-cell lung cancer cells. Representative images, and quantification of the numbers, of migrated
and invaded (A) SBC-3 and (B) SBC-5 cells with or without thBMP7. thBMP7, recombinant human bone morphogenetic protein 7. “P<0.05.

served a function in tumor progression by suppressing the
proliferation of SCLCs in vitro. To determine whether BMP7
was involved in bone metastasis in vivo, an animal model of
bone metastasis was developed. Finally, bone metastasis was
induced only in mice injected with SBC-5 cells (Fig. 6A-C).
The expression of BMP7 was detected in normal bone, bone
metastatic lesions of mice injected with SBC-5 cells and bone
of mice injected with SBC-3 cells. The results revealed that
BMP7 was markedly decreased in bone metastases (Fig. 6D-F),
suggesting that BMP7 may attenuate the survival of metastatic
cancer cells in bone.

BMP7 signaling pathway is adopted in SCLC cells. To
investigate further the mechanism of BMP7 involved in
SCLC cells, associated candidate proteins were detected by
western blot analysis. SBC-3 cells generated more BMP7
compared with SBC-5 cells (Fig. 7A). Following treatment
with thBMP7 for 24 h, the self-produced BMP7 was evidently
decreased (Fig. 7A). Furthermore, Smad2 and Smad4 were
decreased in SBC-3 and SBC-5 cells upon stimulation with
rhBMP7, but p21 was decreased in SBC-3 cells only (Fig. 7B).
These results indicated that BMP7 regulates the SCLC cell
cycle through, at least in part, the Smad signaling pathway.

Discussion

BMP7 is a pleiotropic signaling protein that serves a major
function during physical development. It is a member of
the BMP family, and has been investigated with regard to a
possible contribution to tumorigenesis. This field of research
is currently controversial owing to the marked diversity in the
proposed functions of various BMPs, depending on the BMP
ligands and tumor types investigated.

A previous study conducted on melanoma identified that
BMP7 exhibited metastatic inhibitory ability by inducing
MET (19). In addition, aggressive melanoma cells escaped
from BMP7-mediated autocrine proliferation inhibition via
coordinated upregulation of noggin, a secretory BMP antago-
nist (20). Furthermore, systemic BMP7 treatment of a mouse
model significantly inhibited the growth of glioma (21) and
glioblastoma (22), as well as micro-metastatic deposits in the
bone marrow (7), implying that BMP7 is likely to be a bone
metastatic inhibitor. In the present study, it was investigated
whether BMP7 inhibited proliferation in a dose- and time-
dependent and reversible manner, and its effect on the invasive
ability of SCLC cells. Owing to an increased proliferation
rate and nearly full confluence, SBC-5 cells exhibited a
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Figure 4. Effect of hBMP7 on the cell cycle and apoptosis in small-cell lung cancer cells. (A) Apoptosis of SBC-3 and SBC-5 cell lines following exposure
to thBMP7. (B) Cell cycle analysis of SBC-3 and SBC-5 cell lines following exposure to thBMP7. NS, not significant; ‘P<0.05, “P<0.01 vs. SBC-3 cells.
rhBMP7, recombinant human bone morphogenetic protein 7; PI, propidium iodide; FITC, fluorescein isothiocyanate.

decrease in proliferation on day 6 in group C, and an inhibi-
tory effect of thBMP7 on cell proliferation was evident. In
addition, it was identified that SBC-3 cells have an enhanced
secretion ability to autocrine BMP7 compared with SBC-5
cells. This may be partially inhibited by exogenous BMP7.
Extracellular rhBMP7 may cause negative feedback,
decreasing intrinsic BMP7 autocrine production. This may be
a novel strategy to treat bone metastasis in SCLC. In the
present study, SBC-3 and SBC-5 cells were selected because
they share similar genetic characters, but have different
potential in bone metastasis. As verified by the present in vivo

study, SBC-5 cells have a propensity to metastasize to bone,
whereas SBC-3 cells do not. However, BMP7 appears to exert
the opposite effects in certain tumor cells. Sakai et al (23)
demonstrated that augmented autocrine BMP7 signaling
induced an increase in the anchorage-independent cell prolif-
eration and metastatic potential in the bone marrow metastatic
breast cancer model. In esophageal squamous cancer and
colon cancer, BMP7 was identified previously to act as a
promoter in invasion and metastasis (24,25). Thus, functions
of BMP7 are cell-specific and may be either pro-tumorigenic
or anti-tumorigenic (26).
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Figure 6. BMP7 expression level in bone. Representative images of (A) normal bone, (B) bone collected from mice injected with SBC-3 cells and (C) bone
metastasis from mice injected with SBC-5 cells. Expression level of BMP7 in (D) normal bone, (E) bone collected from mice injected with SBC-3 cells and
(F) bone metastasis from mice injected with SBC-5 cells by immunohistochemistry staining. BMP7, bone morphogenetic protein 7.
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Figure 7. Expression pattern of candidate signal proteins. The expression of (A) BMP7, and (B) Smad2, Smad4 and p21 in SBC-3 and SBC-5 cells following
exposure to recombinant human BMP7. BMP7, bone morphogenetic protein 7.
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In order to understand how BMP-7 exerts its anti-prolif-
erative effects in the present study, the impact of thBMP7 on
the apoptosis and cell cycle in SBC-3 cells and SBC-5 cells
was investigated. Results revealed that thBMP7 significantly
promoted the apoptosis and induced G, arrest in SBC-3 cells,
but exhibited no effect on SBC-5 cells. Thus, the mechanisms of
rhBMP7 regulation of cell proliferation were distinct in SBC-3
and SBC-5 cells. In studies by Yang et al (27,28), it was also
proposed that the apoptotic response to BMP7 was dependent
on the cell type, and, within the same cell type, was dependent
on phenotype, hormone and growth factor status, and survival
conditions. It was also verified whether BMP7 inhibited the
prostate cancer cell proliferation through stabilizing the
levels of survivin and restoring the functions of JNK, which
contributed to the anti-apoptotic activity of BMP7 (27,28).
BMP7 exerted its function by binding to BMPRI. Three
type I receptors were reported. BMPRIB served a negative
function for inducing proliferation and aggressiveness in
breast cancer cells by BMP, but BMPRIA appeared to serve
a regulatory function (29). In SBC-3 cells and SBC-5 cells,
different patterns of BMPRI expression meant that BMP7
adopted different downstream signaling pathways. Total
and membrane BMPR-TA and BMPR-IB were expressed at
higher levels in SBC-5 cells, whereas cytoplasmic BMPR-IA
and BMPR-IB were higher in SBC-3 cells. However, AVCRI
was highly expressed in SBC-3 cells, suggesting that BMP7
inhibited SBC-3 aggressiveness and tumorigenesis mainly by
activating AVCRI. Although the expression of AVCRI was
low, it may serve a critical function. There was a contradictory
result about the expression of AVCRI, which was higher in
SBC-5 cells at the mRNA level, but higher in SBC-3 cells at
the protein level. As is well-known, protein is the final actor
of any biomolecule. Thus, AVCRI was highly expressed in
SBC-3 cells compared with in SBC-5 cells. Upon binding to
BMPRIs, BMP7 pass down the signal via the Smad pathway
or non-Smad pathway. Smad2 and Smad4 were downregulated
following stimulation with BMP7 in SCLC cells. The altera-
tions in the sub-bands of Smad2 were notable, with certain
sub-bands enhanced, whereas others were weakened. This
may be due to the alterations in the subtypes of Smad2, which
requires further validation. In addition, as an important cell
cycle regulator, p21 levels were also decreased in SBC-3 cells,
but there was no change in p21 levels in SBC-5 cells. Thus,
the signaling pathway associated with BMP7 is complicated.
Extrinsic thBMP7 exerted different biological effects on
SBC-3 and SBC-5 cells. As a secretory protein, BMP7 employs
different receptors to trigger downstream signaling pathways.
A high dose of thBMP7 was also linked to cell cycle arrest
and apoptotic activation. In addition, the BMP antagonists
noggin and follostatin are also the determining factors for the
cellular response to BMP7. Interestingly, the expression of
these antagonists may be regulated by BMP7 itself probably
via an autocrine or paracrine feedback loop (30). In addition,
microRNA (31), gremlin (32) and angiopoietin-like 4 (33) also
regulated the expression of BMP7 as an upstream regulator.
However, further research to understand the complexity of
BMP7 signaling in SCLC is required.

Clinical data revealed that BMP7 was associated with
the clinicopathological features. For example, in esophageal
squamous cell carcinoma, the expression of BMP7 indicated
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a poorer prognosis. This was because the BMP7-positive
group demonstrated deeper progression, more advanced
stages and greater venous invasion compared with the BMP7-
negative group (34). Furthermore, in gastric cancer, BMP7
is an independent prognostic factor, and was associated with
tumor size, nodal involvement, lymphatic invasion, venous
invasion and histology, as well as the patient's postoperative
outcome (35). Suppression of endogenous BMP7 expression
by short interfering RNA in highly metastatic cell lines led to
the upregulation of epithelial cadherin and downregulation of
MMP-9, resulting in the attenuation of cell migration and inva-
sion in in vitro and in vivo studies (36). However, BMP7 is a
double-edged sword. In clinical prostate cancer specimens and
human cancer cell lines, tumorigenicity and invasive behavior
were associated with decreased expression of BMP7 (8).
BMP7 expression was accompanied with improved surgical
outcomes in renal cell carcinoma (37). In the present study,
the bone metastasis model in NOD/SCID mice was estab-
lished and the expression of BMP7 was compared in normal
bone and metastatic bone. It was confirmed that BMP7 was
downregulated in the bone lesions. However, further research
is required to elucidate whether BMP7 is able to inhibit the
progression of bone metastasis in SCLC.

In summary, the results of the present study suggested that
BMP7 served a major function in SCLC progression. BMP7 is
able to inhibit proliferation, migration, and invasion of SCLC
cells. Of note, its inhibitory effect on cell proliferation was
reversible. BMP7 may exert these functions by inducing apop-
tosis and/or G, arrest in the cell cycle. Furthermore, SBC-3
cells demonstrated a stronger property of secreting BMP7
and the BMPRI pattern expressed in SBC-3 cells and SBC-5
cells was distinct, which may be the underlying reasons for the
different responses of SCLC cells to BMP7 exposure. Further
investigation of the mechanisms by which BMP7 expression
and signaling are modulated in tumor cells is required and
should provide novel and deeper insights into the mechanisms
underlying SCLC metastasis as well as strategies for its effec-
tive prevention.
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