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ABSTRACT
Bone morphogenetic proteins (BMPs) are members of the TGF-b superfamily signaling factors. Expression of several BMPs (BMP2, BMP4, and
BMP7) is correlated to poor prognosis in gastric cancer patients. The function of BMP9, the latest discovered and most powerful osteogenetic
factor, in gastric cancer is relatively unclear. In this report, we investigated the expression, function and underlying molecular mechanisms of
BMP9 in gastric cancer. The results show that BMP9 expression wasmarkedly decreased in gastric cancer tissues and cell lines. Enforced BMP9
expression in the gastric cancer cell lines SGC-7901 andMNK-45 increased apoptosis and reduced viability andmigration. The in vivo function
of BMP9 was evaluated in a xenograft mouse model. Tumors derived from SGC-7901 cells with enforced BMP9 expression (SGC-7901/BMP9)
showed significantly reduced size andweight compared to that from control cells. Enforced BMP9 expression resulted in decreased Akt activity
shown as lower levels of phosphorylation at Ser473 and Thr308 in Akt. The PI3K/Akt inhibitor LY294002 potentiated BMP9’s viability and
migration suppression, and apoptosis induction, which was associated with reduced expression of snail and VEGF and increased expression of
E-cadherin. In addition, tumors derived from SGC-7901/BMP9 showed reduced Akt activity and VEGF expression, and increased E-cadherin
expression. Therefore, our studies reveal for thefirst time that inhibition of the PI3K-Akt pathway is involved in the tumor suppressor effects of
BMP9 in gastric cancer. J. Cell. Biochem. 116: 1080–1089, 2015. © 2015 Wiley Periodicals, Inc.
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Gastric cancer is one of themost commonmalignant diseases that
have high morbidity and mortality [Siegel et al., 2013; Uyama

et al., 2013]. Although recent diagnostic and therapeutic advances have
provided improved survival in early gastric cancer patients, high
recurrence and poor prognosis remain the main problem in patients
with advanced cancer. Accumulating evidence shows that multiple
genetic and cell signaling alterations are highly related to gastric
carcinogenesis [Tahara et al., 1993; Yasui et al., 2005]. Therefore,
identifying key factors that participate in carcinogenesis may lead to

new diagnostic, therapeutic and preventive approaches against gastric
cancer.

Bone morphogenetic proteins (BMPs) are growth and differ-
entiation factors belonging to the transforming growth factor-b
superfamily. More than 20 BMPs have been identified thus far. They
act asmultifunctional regulators in awide range of cellular responses,
including cell proliferation, differentiation, adhesion, migration, and
apoptosis [Feng and Derynck, 2005; David et al., 2009; Wagner et al.,
2010]. BMPs have been indicated in the progression of several tumors
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including breast cancer, prostate cancer, lung cancer, colorectal
cancer, melanoma, osteosarcoma [Ye et al., 2007]. Of note, the
aberrant BMPs expression has been indicated in gastric cancer. The
elevated expression of BMP2, BMP4, and BMP7 has been seen in
gastric cancer, which is correlated to poor prognosis [Katoh and
Terada, 1996; Park et al., 2008; Aoki et al., 2011]. Apart from the
aberrant expression of BMPs, BMP downstream signaling cascades
are also indicated in the development and progression of gastric
cancer [Kuga et al., 2003; Bleuming et al., 2007].

BMP9, a new member of the BMP family, is reported to be as the
most powerful osteogenetic factor [Cheng et al., 2003]. Recently,
BMP9 has been demonstrated to play different roles in tumor
progression. BMP9 inhibits proliferation, migration and invasive-
ness in prostate cancer cells, breast cancer cells and osteosarcoma
cells, while it promotes the proliferation of ovarian cancer cells
[Ye et al., 2008; Herrera et al., 2009; Wang et al., 2011; Lv et al.,
2013]. However, the role of BMP9 in gastric cancer has not been well
studied.

Epithelial-mesenchymal transition (EMT) is a phenomenon that
epithelial cells of the primary tumor undergo a series of phenotypic
changes, such as reduction of cell-cell adhesion, increment in cell
mobility and invasiveness, loss of epithelial markers, and
acquisition of mesenchymal phenotype, which contribute to
cancer progression and metastasis [Guarino, 1995]. And aberrant
EMT activation is closely associated with gastric carcinogenesis
and tumor progression, which provides potential target for gastric
cancer therapy [Katoh, 2005]. It has been shown that phospha-
tidylinositol-3-kinase/protein kinase B (PI3K/Akt) pathway was
enable to produce transcription factor snail and to repress the
transcription of the E-cadherin gene, leading to conversion of
epithelial to mesenchymal phenotype [Lee et al., 2011]. Further,
recent studies also showed that PI3K/AKT pathway is activated and
significantly associated with the development, progression and
metastasis of gastric cancer [Liu et al., 2010; Gu et al., 2014; Tapia
et al., 2014]. One study also indicated that inhibition of the PI3K/
Akt pathway suppresses growth and metastasis of gastric cancer
[Ye et al., 2012]. Therefore, PI3K/Akt pathway may be a promising
target for potential anti-gastric cancer therapeutic agents.

In our present study, we report that BMP9 expression is decreased
in gastric cancer tissues and cell lines. Enforced BMP9 expression in
gastric cancer cell lines promotes apoptosis and inhibits viability and
migration in vitro, and suppresses tumor growth in a xenograft
mouse model. We further provide evidence suggesting that
inhibition of the PI3K-Akt pathway underlies the mechanism of
BMP9’s inhibitory effects on viability and migration in gastric
cancer. Our results highlight the significance of BMP9 in the
progression of gastric cancer, which implicate that BMP9 could be a
potential therapeutic target for gastric cancer treatment.

MATERIALS AND METHODS

TISSUES
Fresh gastric cancer tissues and matched distal normal tissues were
collected from 8 patients who had undergone gastric resection at the
First Affiliated Hospital, ChongqingMedical University. The patients

had not received chemotherapy, hormonal therapy, nor radiotherapy
before surgery. Written informed consents were received from all
participants. This study was approved by the Ethics Committee of
Chongqing Medical University. Fresh samples from these patients
were stored at �80°C and were used for reverse transcription-
polymerase chain reaction and Western blot analysis. A part of each
specimen was also fixed in 10% buffered-formalin, embedded in
paraffin blocks and serially sectioned for hematoxylin-eosin (H-E)
and immunohistochemical staining.

CELL LINES
Human gastric cancer cell lines SGC-7901 and MNK-45 were
purchased from ATCC (American Type Culture Collection, Manassas,
VA). Human gastric mucosal epithelial cell line GES-1 and
embryonic kidney cell line 293 (HEK 293) were purchased from
CCTCC (China Center for Type Culture Collection). SGC-7901, MNK-
45, GES-1 andHEK293 cells weremaintained in Dulbecco’smodified
Eagle0s medium (DMEM) with 10% FBS (Hyclone). Cell culture was
maintained at 37 °C in a humid atmosphere containing 5% CO2.

REAGENTS AND ANTIBODIES
Anti-BMP9 (Cat no. 130703), anti-Cleaved-caspase-3 (Cat no.
22171-R), anti-VEGF (Cat no.7269), anti-E-cadherin (Cat
no.7870), anti-PCNA (Cat no.7907), anti-b-actin (Cat no. 47778)
antibodies and the specific PI3K inhibitor LY294002 were obtained
from Santa Cruz Biotechnology, Inc.. Anti-Akt (Cat no.YT0178) and
anti-phospho-Akt (Ser473) (Cat no.YP0006) antibodies were
purchased from ImmunoWay, Inc.. Anti-phospho-Akt (Thr308)
(Cat no.2965) antibody was purchased from Cell Signaling
Technology, Inc..

RNA ISOLATION AND SEMI-QUANTITATIVE RT-PCR
Total RNA was extracted from both fresh frozen tissues and cells
using Trizol (Invitrogen, Carlsbad, CA, USA). Semi-quantitative
reverse transcriptase polymerase chain reaction (RT-PCR) was
carried out as described by using the Takara RNA PCR kit. Primers
were synthesized by Invitrogen. The mRNA levels of BMP9, snail, E-
cadherin andVEGFwere detected by RT-PCR. GAPDHwas used as an
endogenous control. The PCR primers were designed by using the
Primer3 program (Table 1). The PCR products were separated in 1.5%
agarose gels and stained with Good ViewTM (SBS Genetech, Beijing,
China). The results were recorded with the Gel imaging system (Gel
Doc 1000, Bio-Rad, USA) and Quantity One Version 4.5.0.

IMMUNOHISTOCHEMISTRY (IHC)
The expression of BMP9, PCNA, phospho-Akt (Thr308 and Ser473),
cleaved-caspase-3, E-cadherin and VEGF in tissues was examined
by IHC. The sections from the formalin fixed and paraffin-embedded
tissues were deparaffinized and dehydrated. Then the sections were
boiled for 10min in 0.01M citrate buffer and incubated with 0.3%
hydrogen peroxide (H2O2) in methanol for 15min to block
endogenous peroxidase. The sections were then incubated with
the anti-BMP9 antibody (1:200 dilution), anti-Cleaved-caspase-3
antibody (1:200 dilution), anti-phospho-Akt (Ser473) antibody
(1:200 dilution), anti-phospho-Akt (Thr308) antibody (1:200
dilution), anti-VEGF antibody (1:200 dilution), anti-E-cadherin
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antibody (1:200 dilution), anti-PCNA antibody (1:200 dilution)
overnight at 4 °C, following incubated with secondary antibody
tagged with the peroxidase enzyme for 30min at room temperature
and were visualized with 0.05% 3,3-diaminobenzidine tetrachloride
(DAB) till the desired brown reaction product was obtained.
The sections were finally counterstained with hematoxylin. The
negative control group was carried out with the same steps as
described above except replacing the primary antibody with PBS. All
slides were observed under a Nikon E400 Light Microscope and
representative photographs were taken.

PRODUCTION AND INFECTION OF RECOMBINANT ADENOVIRUSES
The GFP-expressing adenovirus (pAdtrack-CMV/GFP) carrying GFP
gene and recombinant BMP9-expressing adenovirus vehicles
(pAdtrack-CMV/BMP9) carrying BMP9 gene were kindly presented
by T.C He (Medical center, The University of Chicago), and all these
adenoviruses were amplified in HEK293 cells before use [He et al.,
1998;Wang et al., 2011; Lv et al., 2013]. The SGC-7901 andMNK-45
cells were infected with BMP9-expressing adenovirus (AdBMP9) or
the control GFP-expressing adenovirus (AdGFP). A blank control
group not infected with adenovirus was also included. After 8–12 h
of culture, themediumwas replacedwith a freshmediumDMEM. The
fluorescence was then observed 24 h later. The adenovirus-infected
cells were used for subsequent experiments.

IMMUNOCYTOCHEMISTRY (ICC)
The cells were plated and cultured onto cleaned-up cover slips. After
infected with and without AdGFP or AdBMP9 for indicated time, the
cells were treated with 0.03% H2O2 for 5min and incubated with
anti-BMP9 antibody (1:200 dilution), following incubated for
30min with secondary antibody tagged with the peroxidase enzyme
and then visualizedwith 0.05%DAB until the desired brown reaction
product was obtained. Finally, all sections were dehydrated, cleared
and mounted in a neutral gum under cover slips. The negative
control group was carried out with the same steps as described above
except replacing the primary antibody with PBS. The staining of
samples was observed under a Nikon E400 Light Microscope and
representative photographs were taken.

CELL VIABILITY ASSAY
Cell viability was measured using MTT assay. Cells (3� 103) were
seeded into each well of 96-well culture plates, grown for 24h, then
infected with AdBMP9 and AdGFP (control for AdBMP9) in DMEM
containing 1% FBS for the following 5 days. After the indicated time,
the MTT reagent (Progema, Madison, WI) was added (10ml/well) and
incubated for 4 h at 37 °C.Mediumwas removed, the reducedMTTwas

solubilized in 100ml per well of DMSO, and measured absorbance at
492 nm. Each condition was done in quintuplicate, and the overall
experiment was repeated thrice.

TUMORIGENICITY ASSAYS IN NUDE MICE
The in vivo experiment was performed in accordance with the
guidelines established by the Animal Care and Use Committee,
University Laboratory Animal Research. The 4–6-week old female
nudemicewere randomly divided into 3 groups (n¼ 4/group). About
one week later, Untreated, AdGFP-infected and AdBMP9-infected
SGC-7901 cells (1� 108/each nudemouse) were suspended in 200ml
phosphate buffer solution (PBS), and then were injected subcuta-
neously into the posterior flank position of nudemice. Subcutaneous
tumor growth was recorded every 4 days with vernier calipers. Tumor
volume was calculated using the formula: p/6� (R max�R min2),
where R¼ tumor diameter. Themicewere sacrificed after 44 days, and
the tumor tissues were collected and stored at -80 °C andwere used for
Westernblot analysis. Inaddition, the tissue specimenswere alsofixed
in 10% buffered-formalin, embedded in paraffin blocks and serially
sectioned for immunohistochemical analysis. The in vivo experiment
was performed twice.

APOPTOSIS ASSAYS
Hoechst 33258 staining was used to evaluate the apoptosis of
gastric cancer cells. Gastric cancer cells were infected with and
without AdGFP and AdBMP9 for 24 h or 48 h and washed with PBS
for 3 times. Hoechst 33258 at 10mg/ml (Santa Cruz Biotechnology,
Santa Cruz, CA) was added to the solution and incubated at
37 °C for 30min, and observed under an inverted fluorescence
microscope.

Annexin V-PI staining was also used to evaluate the apoptosis of
gastric cancer cells. Annexin V—FITC apoptosis kit were purchased
from Becton Dickinson (San Diego, CA). The cells were harvested
after treatment, washed twice with pre-chilled PBS and resuspended
in 1� binding buffer at a concentration of 1� 106 cells/ml. One
hundred microliter of the cell suspension (1� 105 cells) was mixed
with 5ml of Annexin V-FITC and 5ml of propidium iodide according
to the manufacturer’s instruction. The mixed solution was gently
vortexed and incubated in dark at room temperature (25°C) for
15min. Four hundred microliter of 1� dilution buffer was then
added to each tube and apoptosis analysis was performed by
FACSCalibur flow cytometer within 1 h.

Apoptosis was also determined immunohistochemically by the
terminal deoxynucleotidyltransferase-mediated dUTP nick end
labeling (TUNEL) assay in formalin-fixed tissues using an In Situ
Cell Death Detection Kit, POD (Roche Diagnostics, Indianapolis, IN)

TABLE 1. Primers Used in RT-PCR

Gene

Primer sequences

Forward Reverse

BMP9 50-CTGCCCTTCTTTGTTGTCTT-30 50-CCTTACACTCGTAGGCTTCATA-30

Snail 50-ACCCCACATCCTTCTCACTG-30 5-TACAAAAACCCACGCAGACA-30

E-cadherin 50-CTGAGAACGAGGCTAACG-30 50-GTCCACCATCATCATTCAATAT-30

VEGF 50-GCACCCATGGCAGAAGGAGGAG-30 50-GTGCTGACGC-TAACTGACC-30

GAPDH 50-CAGCGACACCCACTCCTC-30 50-TGAGGTCCACCACCCTGT-30

JOURNAL OF CELLULAR BIOCHEMISTRY1082 BMP9-MEDITATED TUMOR-SUPPRESSIVE EFFECTS



as permanufacturer0s instructions. Positive control was generated by
the treatment of samples with DNase I.

CELL MIGRATION ASSAY
Cell migratory ability was analyzed by transwell migration assay
using 24-well culture inserts without any extracellular matrix
component. The transwell migration assay was performed as
previously described [Duan et al., 2013]. The cells were seeded in
the upper chamber of 24-well culture inserts, and DMEM
supplemented with 20% FBS was added to the lower chamber as a
chemoattractant. After 24 h, the cells were dried for 5min, fixed with
dehydrated alcohol, and stained with hematoxylin-eosin. The cells
that penetrated the pore filter were counted. Mean values for five
randomly selected fields were obtained for each well. The experi-
ments were performed and repeated thrice.

WESTERN BLOT ASSAY
The cells or tissues were collected and lysed on ice in a RIPA buffer.
The total lysate was centrifuged and the proteins in the supernatant
were quantitated by BCA (bicinchoninic acid) assay and denatured
by boiling and loaded onto 10%SDS-PAGE. Then the electrophoretic
gel that contained interest and control proteins was cropped per the
molecular size markers, and the cropped gels were blotted onto the
PVDF membranes. Then the membranes were blocked with 5%
bovine serum albumin at room temperature for 2 h and incubated
with anti-phospho-Akt (Thr308) antibody (1:1000 dilution), or anti-
phospho-Akt (Ser473) antibody (1:1000 dilution), or anti-Akt
antibody (1:1000 dilution), anti-PCNA antibody (1:1000 dilution),
or anti-cleaved caspase-3 antibody (1:1000 dilution), or anti-E-
cadherin antibody (1:1000 dilution), or anti-b-actin antibody
(1:1000 dilution). The secondary antibodies included goat anti-
rabbit IgG serum or goat anti-mouse IgG serum. The proteins of
interest were detected using the SuperSignal West Pico Chemilu-
minescent Substrate kit. The results were recorded using the Bio-Rad
Electrophoresis Documentation (Gel Doc 1000) and Quantity One
version 4.5.0 software.

STATISTICAL ANALYSIS
All values in the text and figures are presented as the means�
standard deviation (SD). The differences were analyzed by one-way
ANOVA followed by the Student-Newman-Keuls test, and all
statistical analyses were performed using GraphPad Prism software
(GraphPad Software, La Jolla, CA). Statistical differences are
presented at probability levels of P< 0.05, P< 0.01, and P< 0.001.

RESULTS

DECREASED EXPRESSION OF BMP9 IN HUMAN GASTRIC CANCER
TISSUS AND CELL LINES
BMP9 mRNA was detected in samples from 8 patients with gastric
cancer by RT-PCR, which showed decreased expression of BMP9
mRNA in the gastric cancer tissues compared to the matched distal
normal gastric tissues (Fig. 1A and B). Furthermore, decreased BMP9
expression on protein level in gastric cancer tissues was confirmed
by IHC, which strongly detected BMP9 in glandular epithelial cells in

matched distal normal gastric tissues but barely in tumor cells
(Fig. 1C).

The mRNA and protein levels of BMP9 in gastric cancer cell lines
SGC-7901 (with low malignancy) and MNK-45 (with high
malignancy) were compared to that in the normal gastric mucosal
epithelial cell line GES-1. BMP9 mRNA expression was detected in
GES-1 cells but barely in both two gastric cancer cell lines by RT-PCR
(Fig. 1D and E). Similar result of BMP9 protein expression was
confirmed by ICC (Fig. 1F). Thus, we enforced BMP9 expression in
the two gastric cancer cell lines with adenovirus vectors expressing
BMP9 (AdBMP9) for the following studies. Enforced expression of
BMP9 mRNA and protein was confirmed by RT-PCR and ICC,
respectively (Fig. 1D, E and F).

BMP9 INHIBITS VIABILITY AND INDUCES APOPTOSIS IN HUMAN
GASTRIC CANCER CELL LINES
Cell viability was assayed by MTT-assay. AdBMP9-mediated of
enforced BMP9 expression in SGC-7901 cells attenuated cell
viability (Fig. 2A). Similar result was also obtained from MNK-45
cells (Fig. 2B). It is likely that the reduced viable cells by BMP9
expression was partly due to suppressed cell proliferation, because
the decreased PCNA expression in the two enforced BMP9
expression cell lines was detected by Western blot (Fig. 2C).

To determine whether BMP9-induced cell viability reduction
involves apoptosis, Hoechst 33258 staining was performed.
Seventy-two hours after enforced BMP9 expression by infecting
SGC-7901 cells and MNK-45 cells with AdBMP9, apoptotic cell
numbers were significantly increased compared to that of the control
AdGFP groups (Fig. 2D). This result was further confirmed by flow
cytometric analysis with annexin V-PI staining, showing that
apoptosis rates of SGC-7901 cells and MNK-45 cells were
prominently increased when compared to that of the control AdGFP
groups (Fig. 2E).

INACTIVATION OF PI3K/AKT PATHWAY IS INVOLVED IN BMP9-
INDUCED VIABILITY REDUCTION AND APOPTOSIS ACTIVATION
As the PI3K/Akt pathway plays a critical role in cancer cell viability,
apoptosis and cancer progression, we examined the effect of BMP9 on
this cell survival pathway. SGC-7901 andMNK-45 cells infected with
and without AdBMP9 and AdGFP were cultured for 24h, 72h, and
96 h, phosphorylation at Ser473 and Thr308 sites of Akt was detected
byWestern blot. The results showed that of enforced BMP9 expression
in SGC-7901 and MNK-45 cells led to decreased phosphorylation at
Ser473 and Thr308 while the total Akt level was unaffected (Fig. 3A).
We then investigated the possible role of BMP9-induced decreased
Akt activity in viability and apoptosis. The specific PI3K inhibitor
LY294002 (20mM)which partially inhibitedAkt phosphorylationwas
used in the following studies (Fig. S1). The AdBMP9-infected SGC-
7901 andMNK-45 cells were treatedwith LY294002 for 72 h and 96h,
and cell viability and apoptosis were measured. The results showed
that BMP9 and LY294002 cooperatively potentiated the viability
suppression (Fig. 3BandC) andapoptosis promotion (Fig. 3D, E andF).
These data indicate that suppression of the PI3K/Akt pathway activity
contributes to BMP9-induced viability decrease and apoptosis
increase in gastric cancer cells.
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INACTIVATION OF THE PI3K/AKT PATHWAY IS INVOLVED IN BMP9-
INDUCED SUPRESSION OF CELL MIGRATION
Cell migration plays a crucial role in the process of tumor cell
invasion and metastasis. The cells were infected with AdBMP9 for
24 h, and cell migration was analyzed by transwell migration assay.
Enforced BMP9 expression in SGC-7901 and MNK-45 cells resulted
in a significant reduction in cell migration as compared to that of
control AdGFP-infected cells (Fig. 4A). Based on the suppressive role
of BMP9 in cell viability, we then explore whether the decreased
migration effect is due to the decreased viability by BMP9. Our result
showed that BMP9 had no effect on viability in SGC-7901 andMNK-
45 cells infected with AdBMP9 for 24 h (Fig. 4B).

As EMT underlies malignant cancer development and metastasis
that enables cancer cells to depart from the primary tumor site,
invade surrounding tissue and disseminate to distant organs. EMT
molecular markers snail, E-cadherin and VEGF were detected in
samples from 8 patients with gastric cancer by IHC, which showed
decreased expression of E-cadherin and increased snail and VEGF in
the gastric cancer tissues compared to the matched distal normal
gastric tissues (Fig. S2). Given that BMP9 inhibits gastric cancer cell

migration, we investigated the effect of BMP9 on EMT. The higher
mRNA expression of E-cadherin in SGC-7901 and MNK-45 cells
infected with AdBMP9 was detected by RT-PCR. In contrast, the
decreased mRNA expression of snail and vascular endothelial
growth factor (VEGF) was observed in AdBMP9-infected cells
(Fig. 4C, D and E).

We further verified the role of PI3K/Akt in BMP9-induced cell
migration suppression. SGC-7901 and MNK-45 cells infected with
AdBMP9 were treated with LY294002 for 24 h and cell migration
was measured. While BMP9 significantly reduced cell migration,
LY294002 pronouncedly enhanced this effect of BMP9 (Fig. 4A). In
addition, no effect on viability was observed in Ad-BMP9 infected
SGC-7901 and MNK-45 cells treated with LY294002 for 24 h
(Fig. 4B), suggesting that the reduced migration effect was not due
to the decreased viability. In addition, BMP9 and LY294002
pronouncedly increased E-cadherin expression and decreased snail
and VEGF expression (Fig. 4C, D and E). These results suggest that
inhibition of the PI3K/Akt pathway plays a critical role in
regulating BMP9-mediated decreased migration in gastric cancer
cells.

Fig. 1. Decreased BMP9 expression in human gastric cancer tissues and cell lines and the validation of AdBMP9. A: RT-PCR for BMP9 mRNA expression in gastric cancer tissues
(C) and matched distal normal tissues (N) from eight patients. GAPDH was detected as an input control. B: The relative mRNA expression of BMP9 gene is quantified by BMP9/
GAPDH densitometric ratios in gastric cancer tissues (C) and matched distal normal tissues (N) from eight patients. ***P< 0.001, N vs. C. C: BMP9 was detected by IHC. The
specificity of anti-BMP9 antibody was checked by replacing it with negative control PBS. Red scale bars, 500mm; HE, hematoxylin and eosin staining. Red triangle: BMP9-
expressing glandular epithelial cells (brown); black triangle: BMP9-expressing tumor cells (brown). D and E: BMP9mRNA expression (D) in uninfected (SGC-7901 andMNK-45),
AdGFP-infected (SGC-7901/GFP and MNK-45/GFP) and AdBMP9-infected (SGC-7901/BMP9 and MNK-45/BMP9) gastric cancer cell lines and a normal gastric mucosal
epithelial cell line (GES-1) was detected by RT-PCR, and its relative expression (E) is quantified by BMP9/GAPDH densitometric ratios. *** P< 0.001, GES-1 vs. SGC-7901 or
MNK-45; SGC-7901/BMP9 vs. SGC-7901/GFP; MNK-45/BMP9 vs. MNK-45/GFP. F: As mentioned in D, BMP9 protein expression in these cell lines is detected by ICC. The
negative control was carried out with PBS. White scale bars, 100mm.
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BMP9 INHIBITS TUMORIGENICITY OF GASTRIC CANCER CELLS IN
VIVO
Wefurther investigated the effect of BMP9ongrowthof gastric cancer
xenograft tumors in vivo. The 3 groups of SGC-7901 cells (untreated,
AdGFP-infected, and AdBMP9-infected) were subcutaneously im-
planted in nudemice. Tumors became palpable from day 20 to 40 and
continued to grow.While the tumors derived from the SGC-7901/GFP
grew in a speed comparable to that of tumors from the untreated SGC-
7901 cells, the tumors derived from the SGC-7901/BMP9 cells had a
much lower growth rate (Fig. 5A). There was decreased expression of
PCNA by IHC and Western blot analysis and hence, reduced mitotic
index in the AdBMP9-infected group (Fig. 5B, C and G). Of note,
histological examination byhematoxylin eosin (H-E) staining showed
that the tumor cells in SGC-7901/BMP9 group had the characteristic
morphological changes of apoptosis, with the concentrated cyto-
plasm, hyperchromatic and pyknotic nucleus (Fig. 5B). In addition,
apoptosis was also evaluated by TUNEL staining, which showed a
higher percentage of TUNEL-positive tumor cells andhence, increased
apoptosis index in the SGC-7901/BMP9 group (Fig. 5B and D). A
higher expression of active (cleaved) caspase-3 by IHC (Fig. 5B) and

western blot (Fig. 5G) analysis further confirmed that apoptosis was
increased in the SGC-7901/BMP9 group.

Based on the decreased effect of BMP9 on Akt activity in gastric
cancer cells in vitro, phosphorylation at Ser473 and Thr308 sites of
Akt was detected in xenograft tumor tissues derived from SGC-7901/
BMP9 group by IHC and Western blot analysis, which showed
decreased phosphorylation of AKT at Ser473 and Thr308 (Fig. 5E and
G). Further, increased E-cadherin and decreased VEGF protein
expression was also confirmed in xenograft tumor tissues derived
from SGC-7901/BMP9 (Fig. 5 F and G).

DISCUSSION

BMPs are multifunctional cytokines that modulate the growth,
differentiation and apoptosis of various cell types [Wang, 1993;
Singh and Morris, 2010; Kopf et al., 2013]. Recently, BMPs, BMP
receptors and their downstream signaling molecules have been
linked to carcinogenesis and tumor progression. Aberrant BMPs
(BMP2, BMP4, and BMP7) expression and its association with

Fig. 2. The effect of BMP9 on the viability and apoptosis in gastric cancer cells. A and B: SGC-7901 (A) and MNK-45 (B) cells were infected with AdGFP or AdBMP9
continuously cultured for five days, and cell viability was detected by the MTT-assay. Results are expressed as the mean absorbance� SD of three independent experiments.
*P< 0.05, **P< 0.01, AdBMP9 vs. AdGFP control. C: PCNA expression was detected in lysates of SGC-7901 and MNK-45 cells infected with and without AdGFP or AdBMP9 for
72 h by Western blot. b-actin was detected as an input control. D: SGC-7901 and MNK-45 cells were infected with AdGFP or AdBMP9 for 72 h, and apoptosis was detected by
hoechst 33258 staining. Apoptosis rate of the SGC-7901 and MNK45 cells was quantified in lower panels. White arrow: apoptotic cells. Apoptosis rate was calculated as:
(apoptotic cell number / total cell number)�100%.White scale bars, 100mm. ***P< 0.001, AdBMP9 vs. AdGFP. E: Cells double stained with AnnexinV/PI after infection with and
without AdGFP or AdBMP9 for 72 h were analyzed by flow cytometry. The percentage of apoptotic cells was quantified in the lower panels. ***P< 0.001, AdBMP9 vs. AdGFP.
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disease progression and poor prognosis have been reported in gastric
cancer [Katoh and Terada, 1996; Park et al., 2008; Aoki et al., 2011].
The expression and function of BMP-9, a new member of the BMP
family, has not been reported in gastric cancer. In this report, we
provide data demonstrating that BMP9 expression is decreased in
gastric cancer and that inhibition of the PI3K-Akt pathway is
involved in BMP90s gastric cancer suppressing function.

Unlike increased expression of other numbers of BMPs such as
BMP-2, BMP-4, and BMP-7 in gastric cancer shown in previous
studies, our study demonstrates that BMP9 expression at both the
mRNA and protein levels was reduced in gastric cancer tissues and
cell lines, which is consistent with previous reports showing that
BMP9 expression was decreased in various tumors such as prostate
cancer, breast cancer and osteosarcoma [Ye et al., 2008; Wang et al.,
2011; Lv et al., 2013]. Given its reduced expression in cancer cells,
BMP9 is likely to be involved in carcinogenesis and a potent
suppressor in gastric cancer progression.

To further study the role of BMP9 in gastric cancer development,
enforced BMP9 expression was established in gastric cancer cell lines
SGC-7901andMNK-45.Weshowfor thefirst time thatBMP9possesses a
tumor-suppressive activity in gastric cancer. We observed reduced
viability and increased apoptosis in SGC-7901/BMP9 and MNK-45/
BMP9 cells in vitro. The in vitro function of BMP9 was also directly
demonstrated in our studieswith a xenograftmousemodel.We observed
a significant reduction in tumor growth, a lower mitotic index and a

higher apoptosis index in tumors derived from SGC-7901/BMP9 cells in
nude mice. Decreased viability and increased apoptosis in BMP9-
expressing gastric cancer is consistent with previous studies showing
BMP9 overexpression induces apoptosis in prostate cancer cells and
inhibits proliferation in breast cancer and osteosarcoma cells [Ye et al.,
2008; Wang et al., 2011; Li et al., 2012; Lv et al., 2013]. However, BMP9
was reported to stimulate ovarian cancer cell proliferation through the
Smad pathway [Herrera et al., 2009]. The reason of discrepancy in the
effects of BMP9 in various cancers is unclear but could be cancer type
specific. It may also involve other undefined factors.

To explore the mechanisms underlie the tumor-suppressive role of
BMP9,we focused on PI3K/Akt. The PI3K/Akt pathway regulatesmany
of the hallmarks of cancer, including tumor cell growth, apoptosis and
metastasis and is frequently dysregulated in tumor including gastric
cancer [Larue and Bellacosa, 2005; Song et al., 2005; Wen et al., 2010;
Bruhn et al., 2013]. Downregulation ofAkt activity has been reported to
mediate BMP9-induced suppression of osteosarcoma cell growth [Li
et al., 2012]. In our studies, we found that enforced BMP9 expression
partially suppressed Akt activity, which was measured by detection of
phosphorylation at Ser473 and Thr308. Further, treatment with the
PI3K/Aktinhibitor LY294002 potentiated BMP9-induced viability
inhibition and apoptosis activation, suggesting that inactivation of
the PI3K-Akt pathway is likely involved in BMP9’s anti-tumor effect.
Increased PI3K-Akt activity has been found in several types of cancers,
which promotes cell survival and inhibits apoptosis through effects on

Fig. 3. Inhibition of PI3K/Akt activity is involved in BMP9-induced viability reduction and apoptosis activation. A: Akt phosphorylation at Ser473 and Thr308 was detected by
Western blot in SGC-7901 orMNK-45 cells infected with AdGFP or AdBMP9 for 24 h, 72 h, and 96 h. Total Akt andb-actin were detected as loading controls. B and C: The effect
of LY294002 on BMP9-induced viability of SGC-7901 (B) and MNK-45 (C) cells. The cells were infected with AdBMP9 followed by treatment with LY294002 (20mM) for 72 h
and 96 h, and cell viability was measured byMTT assay. Results are expressed as mean� SD of absorbance of three independent experiments. *P< 0.05 (72 h), AdBMP9 vs. AdGFP,
AdBMP9 vs. AdBMP9þ LY294002; **P< 0.01 (72 h), AdBMP9 vs. AdBMP9þ LY294002; *P< 0.05 (96 h), AdBMP9 vs. AdGFP; **P< 0.01 (96 h), AdBMP9 vs. AdGFP, AdBMP9 vs.
AdBMP9þ LY294002. D: The effect of LY294002 on BMP9-induced cell apoptosis in SGC-7901 and MNK-45 cells was detected by hoechst 33258 staining. The cells were
infected with AdBMP9 followed by treatment with LY294002 (20mM) for 72 h, and apoptosis was detected by hoechst 33258 staining. White arrow: apoptotic cells. E and F:
Apoptosis of SGC-7901 and MNK-45 in D was quantified. The apoptosis rate was calculated as: (apoptotic cell number / total cell number) �100%. White scale bars, 100mm.
*P< 0.05 and **P< 0.01, AdBMP9 vs. AdBMP9þ LY294002; ***P< 0.001, AdBMP9 vs. AdGFP.
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numerous downstream targets [Zhou et al., 2001; Julien et al., 2007;
Qiao et al., 2008]. Abnormal activation of the PI3K-Akt pathway has
also been reported in gastric cancer, and targeted blockade of this
pathway may inhibit gastric cancer growth and metastasis involving
down-regulation of Ki-67 and MMP-2 expression [Ye et al., 2012].
Downstream targets that are affected by BMP9-mediated PI3K-Akt
suppression need to be investigated in the future.

We further show that enforced BMP9 expression inhibited the
migration of gastric cancer cells, and downregulation of the PI3K-Akt
pathway activity with LY294002 potentiated BMP9-inducedmigration
suppression, suggesting that inactivationofPI3K-Akt is involved in this
function of BMP9. These results are consistent with the reports that the
PI3K-Akt pathway is important formigration in gastric cancer cells [Lin
et al., 2007; Li et al., 2009; Ho et al., 2010]. We also observed EMT
activation by through increased snail and decreased E-cadherin in
gastric cancer tissues, which is in line with previous studies
demonstrating EMT activation is closely associated with gastric
carcinogenesis [Katoh, 2005]. Additionally, we show that inhibition
of thePI3K-Akt pathwaywith LY294002potentiatedBMP90s inhibition
of snail gene transcription and activation of E-cadherin gene
transcription, suggesting that BMP9 suppresses migration and EMT
of gastric cancer cells by downregulating the PI3K/Akt pathway.
Altogether, these results suggest that inactivation of the PI3K-Akt

pathway is involved in the BMP9-induced migration suppression in
gastric cancer cells.

VEGF, an important regulator of tumor angiogenesis, has been
reported to be a strong predictor of both metastasis and prognosis in
gastric cancer [Cao et al., 2013; Chen et al., 2013; Kigure et al., 2013].
We confirmed its elevated expression by using IHC for detection of
VEGF in gastric cancer tissues. Dysregulation of VEGF was reported
to be through the PI3K-Akt pathway in tumors [Ma et al., 2009;
Shafee et al., 2009; Liu et al., 2011; Tian et al., 2013]. We observed
that enforced BMP9 expression resulted in reduced expression of
VEGF gene and protein in gastric cancer cells both in vitro and in
vivo, and inhibition of the PI3K-Akt pathway with LY294002
potentiated BMP9-induced VEGF suppression. Therefore, our data
also imply that BMP9may inhibit angiogenesis during gastric cancer
metastasis by suppressing VEGF expression.

In summary, we demonstrate for the first time that BMP9
expression is decreased in gastric cancer tissues and cell lines, and
that enforced BMP9 expression inhibits the viability and migration
and promotes apoptosis in gastric cancer cells. We further show that
the tumor-suppressing function of BMP9 through inhibiting the
PI3K-Akt pathway. Our data provide important information for
understanding the role of BMP9 in gastric cancer progression, which
shed light on the mechanism of gastric carcinogenesis.

Fig. 4. Inhibition of the PI3K/Akt pathway activity is involved in BMP9-induced migration suppression. A: The cells were infected with AdBMP9 followed by treatment with
LY294002 (20mM) for 24 h, and cell migration was detected by transwell migration assay. The representative images of transmembrane cells are shown, the mean� SD of
migrated cell numbers per microscopic field of three independent experiments are quantified (right panel). Magnification,�100. ***P< 0.001, AdBMP9 vs. AdGFP and AdBMP9
vs. AdBMP9þ LY294002. B: The cells were infected with AdBMP9 followed by treatment with LY294002 (20mM) for 24 h, and cell viability was detected by MTT assay. Results
are expressed as mean� SD of absorbance of three independent experiments. C: The effect of LY294002 (20mM) on BMP9-mediated mRNA expression of snail, E-cadherin and
VEGF was analyzed by RT-PCR. D and E: The relative expression of snail, E-cadherin and VEGF in SGC-7901 (D) and MNK-45 (E) was quantified by snail or E-cadherin or VEGF/
GAPDH densitometric ratios. GAPDH was detected as an input control. *P< 0.05, **P< 0.01 and ***P< 0.001, AdBMP9 vs. AdGFP or AdBMP9 vs. AdBMP9þ LY294002.
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