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ABSTRACT. Osteosarcoma (OS) causes millions of death worldwide
and, since there is no effective therapy, it is necessary to identify the
molecular mechanism of OS, which can direct the development of
new therapies. This study investigated the role of bone morphogenetic
protein 9 (BMP9), a member of the transforming growth factor (TGF)-3
family, in OS development. This study first examined BMP9 expression
in tissue from OS patients and normal subjects. The OS cell line (MG63)
and tumor cells from OS patients were then transfected with BMP9
and cell proliferation and apoptosis were assessed. Western blot and
reverse transcription-polymerase chain reaction were used to study the
expression of cancer-related genes [B cell lymphoma (Bcl)-2, cleaved
Caspase-3, Caspase-9, and poly ADP-ribose polymerase]. To confirm
the in vivo impact of BMP9, mice were transplanted with OS tumor cells
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and then treated with BMP9 carried in attenuated Salmonella enterica
serovar Typhimurium. Our study found that the OS tumor tissue had
a lower expression of BMP9 compared to normal tissue. Transfection
of BMP9 in OS and MG63 cells inhibited cell growth and promoted
apoptosis. In vitro studies showed a decrease in Bcl-2 gene expression
and an increase in Cyto-c, Caspase-3, and Caspase-9 expression. /n
vivo studies indicated that consistent treatment with BMP9 in OS mice
results in inhibition of tumor growth. This study shows that BMP9
inhibition is associated with OS development and that enhanced
expression of BMP9 may be a potential treatment method for OS.
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Transfection; Tumor

INTRODUCTION

Osteosarcoma (OS) is a very lethal type of tumor that causes millions of death all
over the world. OS is divided into three groups depending on the histological characteristics:
osteoblastic, chondroblastic and fibroblastic. Current treatment of OS mainly relies on the use
of different chemotherapies (Bielack et al., 2009). A low survival rate of OS patients exists
due to the limited efficiency of these therapeutic agents (Saeter et al., 2005); therefore, it is
necessary to explore new strategies for treating OS.

Bone morphogenetic proteins (BMPs) are a group of proteins that belong to the
transforming growth factor-f (TGF-B) superfamily (Carreira et al., 2014). Current studies
have found that BMPs (e.g., BMP2, BMP6, BMP7, BMP9) are associated with osteogenic
differentiation (Higuchi and Yoshikawa, 2004). In particular, BMP9 was reported to be
involved in a series of cellular processes, including morphogenesis, hematopoiesis, glucose
homeostasis, and neuronal differentiation, by forming heterotetrameric receptor complexes
(Chen et al., 2003). These complexes can phosphorylate the activin receptor-like kinase
(ALK1-7) and activate downstream signaling restricted Smad proteins (e.g., R-Smads,
Smadsl, 5, and 8), which are then translocated to the nucleus and function as regulators of
gene transcription. In particular, BMP9, one of the most potent members of the BMP family,
was found to play a vital role in cancer development. For example, one study found that BMP9
can inhibit the proliferation and invasion of prostate cancer (Wang et al., 2011). A similar study
also reported on the association between prostate and ovarian cancer migration and BMP9 (Ye
et al., 2008; Herrera et al., 2009). Although one study reported the association between BMP9
and proliferation of OS cell lines (Lv et al., 2013), little is known about the role of BMP9
in OS tumor tissues from clinical patients, particularly with respect to its interaction with
oncogenes. It is also necessary to investigate the role BMP9 in animal models of OS.

In this study, the expression of BMP9 in OS tissues from patients and tissue from
healthy subjects was studied. Our study found decreased expression of BMP9 in OS tissues
compared to that from healthy subjects. To investigate the role of BMP9 in OS disease, a
human OS cell line and cells from OS patient tumor tissues were transfected with BMP9 and
proliferation, apoptosis and cell cycle were assessed. In addition, western blot was used to
examine the association between BMP9 and oncogene (Cyto-c, Caspase 9, and Caspase3)
expression in all three types of cells. To assess the in vivo anti-cancer effect of BMP9,
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C57BL/6J mice were transplanted with MG63 tumor cells, treated with BMP9 carried in
Salmonella enterica serovar Typhimurium, and then tumor growth was monitored.

MATERIAL AND METHODS
Tissue and cells

Studies that involve animals and human tissues are under the regulation of the
Institutional Review Board of Urumgqi General Hospital of Lanzhou Military Area Command
of Chinese PLA. Patient tissues were collected from patients who have been diagnosed with
OS. The patients were notified and signed written consent forms for the use of the tumor
tissues in the current study. The tissue samples were stored in liquid nitrogen and protected
with paraffin film until use. MG62 cells were obtained from American Tissue Type Collection
(Manassas, VA, USA). RPMI 1640 enriched with 10% fetal bovine serum, penicillin (100 U/
mL) and streptomycin (100 mg/mL) was used for cell culture (VWR, USA).

Gene transfection

To investigate the role of BMP9 in cell function, MG63 cells and homogenized cells
from patient tissue were transected either with pcDNA3.1 or pcDNA3.1-BMP9 plasmids
(Shanghai Blue Gene Biotech, China) and Lipofectamine 2000 (Roche, Switzerland). The
transfection procedures were performed by following the manufacturer instructions. In brief, a
given amount (e.g., 2 pug) of pcDNA (pcDNA3.1 or pcDNA3.1-BMP9) was mixed with 9 uL cell
culture medium and 5 pL Lipofectamine 2000. The mixture was added into cells cultured in cell
culture plates (1 x 10° cells per well) followed by culturing at 37°C and 5% CO, for 24 or 48 h.

Proliferation assay

Cell proliferation was studied with the MTT colorimetric assay by following the
manufacturer instructions. In brief, cells transfected with plasmid DNA were cultured on 96-
well plates at a cell density of 5 x 10* cells per well. MTT (25 pL) in PBS was added into the
cell culture plate and incubated under cell culture conditions for 4 h, followed by the addition
of 150 uL dimethyl sulfoxide (Sigma, USA). The cells were placed on a shaker for 5 min
before assessment with a microplate reader (Bio-Rad, Richmond, CA, USA) at 570 nm.

Reverse transcription-polymerase chain reaction (RT-PCR)

RNA was extracted from cells using Trizol (Invitrogen, USA) and the All Total
Nucleic Acid Isolation Kit was used (Ambion Inc., USA). The experiment was performed
by following the manufacturer’s instructions. The following components were employed for
PCR analysis: 10 pg total RNA, 10 mM dNTP (3 mg), oligo dT (0.5 mg), RNasin (20 U), and
M-MLV reverse transcriptase (200 U, Promega Corp., USA). The above components were
made to a total volume of 10 uL with water. The PCR was performed using the following
protocol: 95°C for 3 min; 25-30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and
72°C for 10 min. The densitometry scan was performed with the Image Master VDS Software
(Pharmacia Biotech, USA).
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Protein extraction and western blot

Proteins were extracted from cells by following procedures reported in the literature
(Dignam, 1990; Pang et al., 2009). The protein bands were separated by SDS-PAGE followed
by transfer onto PVDF membrane (Millipore, Bedford, MA, USA). Antibodies used were
rabbit anti-human B-cell lymphoma 2 (Bcl-2), Cyto-c, Caspase-3, cleaved Caspase-3, and
B-actin (Abcam, USA) were employed for binding. The Quantity One software (Bio-Rad,
Hercules, CA, USA) was used to analyze the intensity of the protein band.

Flow cytometry

For flow cytometry analysis, cells were collected and resuspended in PBS followed
by staining with 5 pL AnnexinV (1 mg/mL) (Beckman Coulter, Fullerton, CA, USA) at room
temperature for 15 min. The cells were then stained with propidium iodide (1 mg/mL) for 5
min before running the flow cytometry assay.

In vivo anti-tumor study

BALB/c nude (6-8 weeks old) mice were obtained from the Institute of Zoology,
Chinese Academy of Sciences, Beijing, China. To establish tumor burden on mice, 3 x 10° cells
were implanted in the right flank of mice. Tumor was observed after 7 days of cell implantation.
The mice were then treated with different doses of pcDNA3.1-BMP9 or pcDNA3.1 (control)
carried by the attenuated S. enterica serovar Typhimurium. The transfection was performed with
the electronic method as reported in the literature (Lerman and Minna, 2000). In brief, plasmid
pcDNA3.1 or pcDNA3.1-BMP9 at a density of 10® colony-forming units per 45 pL were injected
into mice through tail vein. Mice were injected every day after the establishment of the tumor.
Tumor size was measured daily and mice were sacrificed when the tumor size reached 150-200
mm?. All studies that involve animals followed the regulation rules of Animal Care Committee
in Urumgqi General Hospital of Lanzhou Military Area Command of Chinese PLA.

RESULTS
BMP9 expression suppression in OS cancer tissues

We started our study by investigating the levels of BMP9 mRNA in OS cancer
tissues, cells from healthy subjects, and MG63 cells. Figure 1A shows the representative
mRNA levels of BMP9 in the three types of cells as analyzed by RT-PCR. Compared to
normal tissues, there is a slight reduction in BMP9 in cells from cancer tissues and MG63
cells (Figure 1A, middle bar). We quantified the expression of BMP9 in the three different
cell types as well and, when compared to normal tissue, OS cells have a 40% reduction
and MG63 cells have a 70% reduction in BMP9 (Figure 1B). To quantify the expression
of BMP9 proteins, western blots were employed. Similar to RT-PCR analysis, the OS and
MG63 cells have a reduction in the expression of BMP9 proteins (Figure 1C). Quantification
of the BMP9 protein reduction in OS and MG63 cells, as compared to normal tissues, are
similar to the trend observed in RT-PCR (Figure 1D).
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Figure 1. Expression of BMP9 in MG62 cells, OS cells, and normal tissue cells. A. RT-PCR analysis and B. relative
expression of BMP9. C. Western blot analysis and D. relative expression of BMP9 expression. The expression of
BMP9 in normal tissue was used as a standard.

BMP9 inhibits OS cancer cell growth and promotes apoptosis

To study the in vitro function of BMP9, pcDNA3.1-BMP9 or pcDNA3.1 was
transfected into OS and MG63 cells (Figure 2A). Cell proliferation and apoptosis were
monitored 48 h after transfection. To confirm the successful expression of BMP9 in these
cells, RT-PCR was employed. Figure 2A shows the RT-PCR analysis of cells transfected with
pcDNA3.1 or pcDNA3.1-BMP9. The presence of the BMP9 band indicates the transfection
of pcDNA3.1-BMP9 cDNA into OS cells. We next analyzed growth of cells by counting
cell number over time. Our study found that OS cells transfected with pcDNA3.1-BMP9 are
inhibited in their growth, whereas the cells transfected with pcDNA3.1 had normal growth over
time (Figure 2B). Similar trends were also observed in MG62 cells, where the cells transfected
with pcDNA3.1-BMP9 were inhibited in growth as compared to the ones transfected with
pcDNA3.1. (Figure 2B) We also investigated apoptosis in the two types of cells. The MG62
cells transfected with pcDNA3.1-BMP9 had a increase in their apoptosis rate as compared
to cells transfected with pcDNA3.1. The OS cells transfected with pcDNA3.1-BMP9 had a
slight increase in their apoptosis (from 12% to 19%) as compared to OS cells transfected with
pcDNA3.1 (Figure 2C).

BMP?9 results in enhanced expression of apoptotic proteins
We next assessed the expression of tumor suppressor genes over time in OS or MG62

cells transfected with pcDNA3.1-BMP9 compared to OS cells transfected with pcDNA3.1 as
the control. We first analyzed the expression of Bcl-2, which belongs to the Bcl-2 family and
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affects tumor development by regulating cell apoptosis. Compared to OS cells transfected
with pcDNA3.1, there was a gradual increase in Bel-2 expression over time in cells transfected
with pcDNA3.1-BMP9 (Figure 3A and 3B).We next employed Western blot to analyze the
expression of cytoplasmic cytochrome ¢ (Cyto-c). Cyto-c is associated with mitochondrial
apoptosis channels on the mitochondrial membrane and its expression is induced during
morphological changes that occur during cell apoptosis (Dejean et al., 2006). Our study found
that cells transfected with pcDNA3.1-BMP9 had a slight increase in the expression of Cyto-c
24 to 96 h after transfection (Figure 3A, second row). Caspase-9 is another downstream
apoptotic gene that is activated in the mitochondria, following the activation of Caspase-3.
There was an increase in the expression of these genes in OS cells transfected with pcDNA3.1-
BMP9 compared to cells transfected with pcDNA3.1 only (Figure 3A and B, third and fourth
rows), indicating BMP9 affects apoptosis of cancer cells.
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Figure 2. A. Confirmation of BMP9 transfection in OS cells treated with pcDNA3.1-BMP9. OS cells treated with
pcDNA3.1 and cells without any treatment (CTRL) are used as controls. B. Effect of pcDNA3.1 and pcDNA3.1-
BMP9 (BMP9) on cell growth, as determined by number of cells counted over time. C. Apoptosis of OS and MG62
cells over time. The cells were transfected with pcDNA3.1-BMP9 (BMP9) or pcDNA3.1.
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Figure 3. Expression of apoptosis-related proteins (Bcl-2, Cyto-c, Caspase-9 and Caspase-3) in OS cells transfected
with pcDNA3.1-BMP9 (BMP9) (A) or pcDNA3.1 (B). The expression of -actin (Actin) in both types of cells was
used as a control.
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BMP9 can inhibit tumor growth in mice

We next assessed the effect of BMP9 in vivo by examining OS tumors in mice after
treatment with Sa/monella carrying pcDNA3.1 or pcDNA3.1-BMP9 (Mei et al., 2002). Our
study found that while tumors keep growing in mice with both type of treatments, the mice
treated with Salmonella carrying pcDNA3.1-BMP9 had a slower rate of growth in tumors than
those treated with Sa/monella carrying pcDNA3.1 (Figure 4A). Assessment of tumor weight
on day 26 shows that there is an obvious difference in the weight of the tumor in the two
groups of mice, where the mice treated with pcDNA3.1 had an average weight of 0.98 g and
the mice treated with pcDNA3.1-BMP9 had an average tumor weight of 0.53 g (Figure 4B). To
investigate the molecular mechanism behind this phenomenon, we analyzed the production of
BMP9 and tumor apoptosis-related proteins in the tumor tissue. Our study found an enhanced
production of BMP9 in tumor cells from mice treated with pcDNA3.1-BMP9, indicating a
portion of BMP9 was delivered to the tumor site successfully (Figure 4C). We also analyzed
the expression of Bcl-2, Cyto-c, Caspase-9 and Caspase-3. Again, no dramatic difference was
found in the expression of Bcl-2 between the two groups of mice (Figure 4C). As for the
production of other anti-tumor genes, there were similar trends. There is increased expression
of Cyto-c, Caspase-9 in mice treated with pcDNA3.1-BMP9 compared to mice treated with
pcDNA3.1 (Figure 4C). We also observed an increase in the production of Caspase-3 between
the two groups of mice (Figure 4C).
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Figure 4. Impact of pcDNA-BMP9 (BMP9) transfection on tumor growth in mice. A. Tumor growth in mice
treated with pcDNA3.1 or pcDNA3.1-BMP9. B. Weight of tumor in mice treated with pcDNA3.1 or pcDNA3.1-
BMP9. Tumor was dissected from mice on day 25 and weighed immediately after dissection. C. Expression of
BMP9 and anti-cancer proteins in tumors from mice treated with pcDNA3.1 or pcDNA3.1-BMP9. The expression
of B-actin (Actin) was used as a control.

DISCUSSION

OS is one of the primary malignant tumors that occur in children and young adults.
This disease is aggressive, metastasizing mostly to the lungs and bones (Gill et al., 2013). It
is therefore necessary to study and find strategies for treating this disease. As a member of
TGF-B superfamily, BMPs have been associated with cancer and many other diseases (Kim
and Choe, 2011). BMP9 was first isolated from mouse liver and since then the potent role
of BMP9 in inducing osteogenic differentiation has been examined (Song et al., 1995). In
particular, recent studies found that BMP9 plays a role in tumor development. It was reported
that BMP9 can inhibit the proliferation and invasiveness of breast cancer cells (Wang et al.,
2011). Of note, many studies have reported the association between prostate and ovarian
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cancer migration and BMP9 expression (Ye et al., 2008; Herrera et al., 2009). Another study
found that there is an association between BMP9 and proliferation in an OS cell line (Lv et al.,
2013). Considering the importance of BMP9 and the necessity of developing new strategies
for treating OS disease, we were interested in examining the use of BMP9 for treatment of OS.

We started our study by assessing the levels of BMP9 mRNA and proteins in OS
patient tissues. We found that both were reduced compared to normal tissue (Figure 1). Studies
by other groups have shown that BMP9 can inhibit the proliferation of the OS cell line and
ovarian cancer cells (Lv et al., 2013). These results indicate that inhibition of BMP9 might be
associated with the development of OS tumors. We next transfected two types of OS cell lines,
MG63 cells and cells isolated from OS patient tissue, with pcDNA3.1-BMP9. Our study found
enhanced expression of BMP9 in cells transfected with pcDNA3.1-BMP9, demonstrating the
successful transfections of the plasmid DNA (Figure 2A). We also found that cells transfected
with pcDNA3.1-BMP9 had decreased proliferation and apoptosis compared to cells transfected
with pcDNA3.1 (Figure 2). Considering this, we assessed the expression of apoptosis-related
genes in cells transfected with pcDNA3.1-BMP9. The apoptosis of cells involves intricate
expression of a variety of oncogenes and tumor suppressor genes (Williams and Smith, 1993;
Liebermann et al., 1995). Cyto-c is an oncoprotein released from the mitochondria of cells
and it functions as an intermediate in apoptosis by inducing morphological changes in cells,
which is usually followed by apoptosis (Liu et al., 1996; Dejean et al., 2006). Studies have
found that the release of Cyto-c from the mitochondrial channel is increased when anti-cancer
drugs are used to treat the cells (Dejean et al., 2006). Our study found that the expression
of Cyto-c is ly enhanced in cells transfected with pcDNA3.1-BMP9. During mitochondrial
channel-associated apoptosis, Cyto-c can bind to the apoptosome and cleave pro-Caspase-9.
Caspase-9 can then suppress tumor development by inducing cell apoptosis and death (Li
et al., 1997; Marsden et al., 2002; Janssen et al., 2007; Olsson and Zhivotovsky, 2011). Our
in vitro analysis found that the enhanced expression of BMP9 is associated with enhanced
expression of Bcl-2, Cyto-c, Caspase-9, and Caspase-3 (Figure 3).

Following the in vitro experiments, we established an OS tumor model in mice and
studied the in vivo anti-tumor effect of BMP9. We used attenuated Salmonella, which has
been used previously for the delivery of other therapeutic agents such as antigens, for gene
delivery of pcDNA3.1 or pcDNA3.1-BMP9 (Dignam, 1990; Konjufca et al., 2006; Curtiss
et al., 2010). In fact, attenuated Salmonella has been investigated for use in clinical trials
for gene therapy (Lerman and Minna, 2000). Our study showed that tumors grow slower in
the mice treated with pcDNA3.1-BMP9 compared to mice treated with pcDNA3.1 (Figure
4). On day 28, the mice treated with pcDNA3.1-BMP9 had a lower average tumor weight
compared to mice treated with pcDNA3.1 (0.53 g compared to 0.98g, respectively). Mice
treated with pcDNA3.1-BMP9 also had higher expression of BMP9 in the tumors compared
to mice treated with pcDNA3.1. Similar to the in vitro studies, there was enhanced expression
of Cyto-c, Caspase-9 and Caspase-3 in tumor cells from mice treated with Salmonella carrying
pcDNA3.1-BMP9 compared to pcDNA3.1 (Figure 4). Different from our in vitro study, we
do not observe a difference in the expression of Bcl-2 between the two groups of mice. This
might be attributed to the differences in the in vitro and in vivo environments. However, we did
not assess in vivo toxicity and this will be examined in following research in order to identify
an optimal dose of BMP9. In addition, our following studies will also assess other potential
cellular pathways that might be associated in the anti-tumor process of BMP9 (Ye et al., 2008;
Herrera et al., 2009; Wang et al., 2011).
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This study examined the association between BMP9 and OS tumor development. We
found increased expression of BMP9 in OS tumor tissue and MG63 cells. Transfection of cells
with BMP9 resulted in decreased proliferation and increased apoptosis of OS cells. This was
accompanied with increased expression of apoptotic genes (Bcl-2, Cyto-C, Caspase-3, and
Caspase-9). To validate this phenomenon in vivo, tumorigenic mice were treated with BMP9,
resulting in decreased tumor growth rates and size and enhanced expression of apoptosis-
related oncogenes.
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