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etic protein-9 promotes the
proliferation of non-small cell lung cancer cells by
activating PI3K/Akt and Smad1/5 pathways

Xiaodong Hou,a Yuanbo Peng,b Jianhua Liu,c Qixiang Zhong,d Zhenglun Yu*d

and Lei Zhange

Non-small-cell lung carcinoma (NSCLC) is any type of epithelial lung cancer other than small cell lung

carcinoma (SCLC), which accounts for about 85% of all lung cancers. Bone morphogenetic protein

(BMP)-9 in humans is encoded by the growth differentiation factor 2 gene, which belongs to the

transforming growth factor-beta superfamily. In the present study, we explored the role of BMP-9 in

A549 and NCI-H1650 cell proliferation and its possible molecular mechanisms. 25 NSCLC patients were

recruited to evaluate mRNA expression of BMP-9 to determine its clinicopathologic significance. We

found that recombinant protein BMP-9 and overexpression of BMP-9 promoted A549 and NCI-H1650

cell proliferation in vitro, which was abolished by phosphatidylinositol 3-kinase (PI3K) inhibitor

(LY294002). Western blot results revealed that BMP-9 significantly activated the PI3K/Akt and Smad1/5

pathway signaling. In vivo, BMP-9 promoted tumor growth and PI3K/Akt and Smad1/5 signaling

pathways in an A549 or NCI-H1650 cell line-derived xenograft model. Knockdown BMP-9 or BMP-9

receptor ALK1 inhibited A549 cell growth in vitro and in vivo, which was associated with regulating the

PI3K/Akt and Smad1/5 signaling pathways. These results demonstrated that BMP-9 promoted A549 and

NCI-H1650 cell proliferation via PI3K/Akt and Smad1/5 signaling pathways.
1. Introduction

Lung cancer is one of themost commonmalignant tumors and its
ve-year survival rate is signicantly lower than for many clinical
tumors in clinical practice.1 Non-small cell lung cancer accounts
for about 85% of the total number of lung cancers. Unfortunately,
only less than 15% of non-small cell lung cancer patients can
survive over 5 years.2–4 So far, the pathogenesis of non-small cell
lung cancer has not been well elucidated, so it is of great signi-
cance to identify key genes for non-small cell lung cancer.

Bone morphogenetic protein 9 (BMP-9), which is also known
as growth differentiation factor 2 (GDF2), belongs to the TGF-
b superfamily.5 It has been reported that BMPs is related to the
regulation of tumorigenesis, development and bone metastases.6

In higher pathological grade prostate cancer, BMP-9 expression
evidently decreased, whereas overexpression of BMP-9 and BMP-
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10 inhibits in vitro growth, cell matrix adhesion, invasion, and
migration of prostate cancer cells.7 BMP-9 induces apoptosis in
prostate cancer by upregulating of prostate apoptosis response-
4,7 which may indicate that BMP-9 is a tumor suppressor.
Conversely, BMP-9 promotes the proliferation and migration of
bladder cancer cells through up-regulating lncRNA UCA1 and
promotes ovarian cancer cell proliferation through activating
receptor-like kinase-2/Smad1/Smad4.8,9

IL-6, a cytokine, is produced by a variety of cells, which plays
an extensive biological role and is closely related to the occur-
rence and development of malignant tumors. Current studies
have shown that IL-6 is mainly related to cell proliferation,
apoptosis and metastasis and IL-6 plays an important regulatory
role in most tumors, such as prostate cancer, breast and ovarian
cancer.10,11 In vitro and in vivo studies have shown that IL-6 can
promote the proliferation of lung cancer cells. Aer blockade of
the IL-6 receptor, the proliferation of H460 lung cancer stem cells
was inhibited.12 IL-6 is an endocrine factor, which can promote
the development of tumors through a variety of mechanisms,
such as the PI3K/Akt signaling pathway.

TGF-b family type I receptor ALK1 (activin receptor-like
kinase 1) has been identied as a potential target for anti-
angiogenic cancer treatment. It has been reported that the
high affinity binding of BMP-9 to ALK1 indicated the key role of
the ligand in vascular development.13 Several published
preclinical studies have been reported ALK1 blockade revealed
This journal is © The Royal Society of Chemistry 2020
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a decrease in tumor volume, tumor angiogenesis and
metastasis.14,15

The previous studies have found that the PI3K/Akt signaling
pathway is involved in tumor growth, invasion and metastasis.
One of the important factors for the recurrence and metastasis
of tumors is Akt abnormal activation.16,17 In prostate cancer,
BMP-2 promotes prostate cancer metastasis associated with the
PI3K/Akt signaling pathway.18 It has been reported that BMP-9
inhibits the migration and growth of human osteosarcoma
cells by down-regulating the PI3K/AKT signaling pathway.19

With the development of research, it has been found that
BMP-9 also plays an important role in tumors. For example,
BMP-9 can inhibit the invasion and migration of prostate
cancer PC-3 cells and promote the proliferation of ovarian
cancer cells.9,20 However, the role of BMP-9 in lung cancer
remains unknown, especially in non-small cell lung cancer.
Therefore, the present study aimed to investigate the effect of
BMP-9 on the proliferation of A549 and NCl-H1650 cells and to
explore the possible mechanism to potentially provide a basis
for targeted therapy of non-small cell lung cancer.
2. Materials and methods
2.1 Human lung samples

A total of 25 pairs of non-small cell lung cancer and adjacent
normal tissues were obtained from The First Affiliated Hospital
of China Medical University. All the experiments concerning the
tumor specimens were approved by The First Affiliated Hospital
of China Medical University, and all the patients signed the
informed consent form. The procedures were performed in
accordance with the guidelines of the ethics committee of
China Medical University.
2.2 Cell lines and cell culture

Human lung adenocarcinoma A549 and NCI-H1650 cells were
purchased from American Type Culture Collection (Manassas, VA,
USA). Cells were maintained in RPMI growth medium supple-
mented with 10% FBS, 100 U mL�1 penicillin and 100 pg mL�1

streptomycin, in a humidied atmosphere with 5% CO2 at 37 �C.
2.3 Adenovirus infection

The cells were infected with AdBMP-9 or AdGFP. The adenovirus-
infected cells were used for subsequent experiments.
2.4 RNA interference

A549 and NCI-H1650 cells were transfected with shRNA using
Lipofectamine™ 3000 Transfection Reagent (Invitrogen™)
according to the manufacturer's instructions. Sense sequences for
the Bmp9: 50-CCGGCAACAGGTACACGTCCGA-
TAACTCGAGTTATCGGACGTGTACCTGTTGTTTTTG-30. Sense
sequences for the ALK1: 50-CCGGCTGCGGATCAAGAAGA-
CACTACTCGAGTAGTGTCTTCTTGATCCGCAGTTTTT-30.
This journal is © The Royal Society of Chemistry 2020
2.5 CCK-8 assay

The effect of BMP-9 on cell viability and proliferation was
determined by using the cell counting kit-8 assay. In brief, the
cells were seeded onto 96-well plates (3000/well) and incubated
for the indicated time points (0, 24, 48, 72, 96 h). At the indi-
cated time, CCK-8 solution was added to each well (200 mL per
well) and incubated at 37 �C for 3 h. The absorbance was
detected at 490 nm using a microplate reader.
2.6 Colony formation assay

The effect of BMP-9 on long-term cell viability was evaluated by
the colony formation assay. The cells (3000/well) were seeded in
six-well plates and treated with LY294002 (20 mM). The cells were
incubated in 5% CO2 at 37 �C for 7 days.
2.7 Xenograed tumor model

Male BALB/c-nu mice (16–18 g) were obtained from the Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). All experimental procedures and protocols were
approved by the Experimental Animal Ethics Committee of
Academy of Military Medical Science of China (approval no.
IACUC-2017246). Mice were randomly divided into two groups
(n ¼ 7), and AdBMP-9 or AdGFP cells were injected subcutane-
ously into the dorsal fank of the nude mice. The tumor volume
and bodyweight were measured on alternate days. All mice were
sacriced on the 30th day.
2.8 Real-time quantitative PCR

Total RNA was extracted from human lung tissue or cells using
TRIzol reagent according to the manufacturer's instructions,
then reverse-transcribed for real-time quantitative PCR. The
mRNA expressions were normalized to GAPDH and data were
analyzed by using 2�DDCt method.
2.9 Western blot analysis

Equal amounts of protein were separated by 8–12% SDS-PAGE and
transferred onto a PVDF membrane. The membrane was sequen-
tially blocked in 5% nonfat milk for 1 h and incubated with
primary antibodies overnight at 4 �C, including GAPDH (catalog
#5174S), PI3K (p85) (catalog #4292), Akt (catalog #9272), p-Akt
(Ser473) (catalog #4060) p-Smad1/5 (catalog #9516S) (Cell
Signaling Technology, Inc.) and Smad1/5 (Santa Cruz Biotech-
nology). Aer washed with PBST, themembranes were probedwith
secondary antibody. The membranes were treated with a chemilu-
minescent reagent visualized using a ChemicDoc XRS system.
2.10 Statistical analysis

All values were expressed as the mean � SEM. Statistical
signicance was determined by using one-way ANOVA analysis.
P-value of <0.05 was considered to be signicant.
RSC Adv., 2020, 10, 7214–7220 | 7215
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Table 1 Clinical characteristics of the non-small cell lung cancer
patients recruited to the study

Characteristics Cases Characteristics Cases

Gender Male 13 Tumor size (cm) <5 11
Female 12 $5 14

Age (year) <60 15 Grade I + II 15
$60 10 III + IV 10

Smoking Yes 16 Stage I + II 17
No 9 III + IV 8
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3. Results
3.1 Expression level of BMP-9 was upregulated in non-small
cell lung cancer tissues

In the clinical lung cancer sample, real-time quantitative PCR
results showed that the BMP-9 level in lung cancer tissues was
signicantly higher than the level in the adjacent normal
tissues, indicating that BMP-9 played a potential role in the non-
small cell lung cancer (Table 1 and Fig. 1A).
3.2 BMP-9 recombinant protein promoted proliferation in
A549 and NCI-H1650 cells

To determine which BMPs exhibited promote proliferation on
A549 and NCI-H1650 cells, BMP2, BMP4, BMP6, BMP7, or BMP9
were used to incubate with A549 or NCI-H1650 cells for 0–96 h,
then CCK-8 assay was used to determine the cell viability. As
shown in Fig. 1B and C, BMP9 could stimulate proliferation in
Fig. 1 (A) The mRNA expression levels of BMP-9 in lung cancer tissue
promoted the A549 (B) and NCl-H1650 (C) cells proliferation in CCK-8 a
and PI3K/Akt pathway. Data were represented as the mean � SEM, ***p <
##p < 0.01 versus control group; ##p < 0.001 versus control group.

7216 | RSC Adv., 2020, 10, 7214–7220
A549 and NCI-H1650 cells, whereas BMP2, BMP4, BMP6 and
BMP7 were unable to promote proliferation.

To study the underlying mechanism of BMP-9 on prolifera-
tion, we determined the PI3K/Akt and Smad1/5 signaling
pathway aer BMP9 recombinant protein treatment. As shown
in Fig. 1D–F, aer BMP9 recombinant protein treatment, the
expression levels of PI3K, p-Akt and p-Smad1/5 signicantly
increased in A549 and NCI-H1650 cells.

3.3 BMP-9 overexpression promoted proliferation and
colony formation in A549 and NCI-H1650 cells

Next, A549 and NCI-H1650 cells with BMP-9 overexpression were
chosen to investigate the effects of BMP-9. Western blotting
showed that the BMP-9 expression in AdBMP-9 cells was signif-
icantly higher than that in AdGFP cells (Fig. 2A and F). CCK-8
results showed that BMP-9 overexpression signicantly
promoted A549 and NCI-H1650 cells proliferation, however, it
was worth noting that the stimulation of BMP-9 was abolished by
PI3K inhibitor LY294002 (20 mM) (Fig. 2B and G). Colony
formation assay was used to directly evaluate the proliferative
ability of a single cancer cell to form a cell colony in vitro.
Compared to AdGFP cells, BMP-9 overexpression effectively
promoted the colony-forming ability of AdBMP-9 cells, and PI3K
inhibitor LY294002 signicantly abolished the effect of BMP-9
overexpression both in A549 and NCI-H1650 cells (Fig. 2E and J).

3.4 BMP-9 promoted A549 and NCI-H1650 cells proliferation
by regulating PI3K/Akt and Smad1/5 signaling pathway

To further study the underlying mechanism of BMP-9 on
proliferation in A549 and NCI-H1650 cells, western blotting was
s and adjacent normal tissues; (B and C) BMP-9 recombinant protein
ssay; (D–F) BMP-9 recombinant protein up-regulated p-Smad1/5 level
0.001 versus adjacent normal tissues, #p < 0.05 versus control group,

This journal is © The Royal Society of Chemistry 2020
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conducted. Western blotting results showed that the expression
levels of PI3K and p-Akt in the AdBMP-9 cells were signicantly
increased compared to the AdGFP cells both in A549 and NCI-
H1650 cells (Fig. 2D and I). In addition, the phosphorylation
of Smad1/5 also signicantly increased in AdBMP-9 cells
(Fig. 2D and I). These results demonstrated that BMP-9
promoted A549 and NCI-H1650 cells proliferation by regu-
lating PI3K/Akt and Smad1/5 signaling pathway.
3.5 BMP-9 promoted the tumor growth in A549 and NCI-
H1650 cells line xenogra model

To verify the role of BMP-9 in non-small cell lung cancer,
xenogra tumor assay was performed by using AdBMP-9 or
AdGFP cells (A549 or NCI-H1650). As shown in Fig. 4A and B, the
tumors of AdBMP-9 group were obviously larger than that of the
AdGFP group. In addition, western blotting results showed that
PI3K and p-Akt in tumors tissues were signicantly upregulated
in AdBMP-9 group compared with tissues in AdGFP group
Fig. 2 BMP-9 overexpression promoted the proliferation and up-regula
NCl-H1650 cells. (A and F) BMP-9 overexpression was confirmed by w
overexpression promoted A549 and NCl-H1650 cells proliferation in CC
up-regulated the level of IL-6 and p-Smad1/5 and PI3K/Akt pathway in A5
< 0.05 versus AdGFP group, **p < 0.01 versus AdGFP group, ***p < 0.0

This journal is © The Royal Society of Chemistry 2020
(Fig. 4C). Furthermore, Smad1/5 signaling pathway also acti-
vated in the AdBMP-9 (Fig. 4C).
3.6 Effect of knockdown BMP-9 or ALK1 on proliferation
A549 and NCI-H1650 cells

To further conrmed the effect of BMP-9 on A549 and NCI-
H1650 cells proliferation, we next investigate whether knock-
down BMP-9 or BMP-9 receptor ALK1 could affect A549 and NCI-
H1650 proliferation. As shown in Fig. 3, knockdown BMP-9 or
ALK1 signicantly inhibited A549 (Fig. 3B) and NCI-H1650 cells
proliferation (Fig. 3D).
3.7 Effect of knockdown BMP-9 or ALK1 on tumor
development in xenogra tumor mice model

Next, we investigated whether knockdown BMP-9 or ALK1 could
affect tumor development. BALB/c-nu mice were injected A549
or NCI-H1650 cells with knockdown BMP-9 or ALK1 subcuta-
neously into the dorsal fank. As shown in Fig. 4D and E,
ted the level of IL-6 and p-Smad1/5 and PI3K/Akt pathway in A549 and
estern blotting in A549 and NCl-H1650 cells. (B, E, G and J) BMP-9
K8 and colony formation assays. (C, D, H and I) BMP-9 overexpression
49 and NCl-H1650 cells. Data were represented as themean� SEM, *p
1 versus AdGFP group.

RSC Adv., 2020, 10, 7214–7220 | 7217
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Fig. 3 Knockdown BMP-9 or ALK1 inhibited A549 and NCl-H1650 cells proliferation. Knockdown BMP-9 or ALK1 was confirmed by western
blotting in A549 (A) and NCl-H1650 (C) cells. Knockdown BMP-9 or ALK1 inhibited A549 (B) and NCl-H1650 (D) cells proliferation in CCK8 assay.
Data were represented as the mean � SEM. #p < 0.05 versus Sh-Con group, ##p < 0.01 versus Sh-Con group, ##p < 0.001 versus Sh-Con
group.
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knockdown BMP-9 or ALK1 signicantly inhibited the tumor
development. Western blotting results indicated that BMP-9 or
ALK1 inhibited the PI3K/Akt and Smad1/5 signaling pathway
Fig. 4 (A andB) BMP-9 overexpression promoted the tumor growth of
expression up-regulated p-Smad1/5 level and PI3K/Akt pathway of A549
or ALK1 suppressed the tumor growth of A549 (D) and NCl-H1650 (E) x
Smad1/5 level and PI3K/Akt pathway of A549 and NCl-H1650 xenograft
versus AdGFP or Sh-Con group, ##p < 0.01 versus AdGFP or Sh-Con g

7218 | RSC Adv., 2020, 10, 7214–7220
(Fig. 4F), which demonstrated that the effect of BMP-9 on tumor
development was related to the PI3K/Akt and Smad1/5 signaling
pathway.
A549 (A) and NCl-H1650 (B) xenograft in nude mice. (C) BMP-9 over-
and NCl-H1650 xenograft in nude mice. (D and E) Knockdown BMP-9
enograft in nude mice. (F) Knockdown BMP-9 or ALK1 suppressed p-
in nude mice. Data were represented as the mean � SEM, #p < 0.05

roup.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00737d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 9
:1

7:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4. Discussion

The role of BMP-9 in cancer seems to be still under debate.
BMP-9 expression has been found to increase in the ovarian
cancer cells and RIP-Tag2 mouse model.9,14 However, a survey of
23 breast cancer samples indicated that BMP-9 expression in
breast cancer tissues signicantly decreased compared to
adjacent tissues.21 Thus, the effect of BMP-9 in cancer may be
context dependent, however, the role of BMP-9 in non-small cell
lung cancer still to be explained. In the present study, we
attempted to explore the role of BMP-9 in A549 and NCl-H1650
cells proliferation. To our best knowledge, our study rst time
uncovered that BMP-9 exerted the stimulation effect on A549
and NCl-H1650 cells proliferation, which might be associated
with activating the PI3K/Akt and Smad1/5 signaling pathway.

BMP-9 belongs to the transforming growth factor-beta
superfamily and mainly expressed in the liver, but also in the
lung.22,23 It has been reported that BMP-9 inhibits the prolifer-
ation, adhesion, invasion, and migration in prostate cancer
cells. In our study, we have demonstrated that BMP-9 expres-
sion in lung cancer tissues was signicantly higher than adja-
cent normal tissues, demonstrating BMP-9 may be a vital
molecule involved in the progression of lung cancer.

To further investigate the role of BMP-9 on lung cancer cells,
overexpression of BMP-9 was performed in A549 and NCl-H1650
cells. Our results indicated that overexpression of BMP-9
effectively promoted A549 and NCl-H1650 cells growth and
enhanced the proliferative ability of a single cancer cell to form
a cell colony. Interestingly, the proliferation effect of BMP-9 in
A549 cells was signicantly abolished by PI3K inhibitor
LY294002, which demonstrated PI3K played a key role in the
proliferation effect of BMP-9. To evaluate the proliferation effect
of BMP-9 on non-small cell lung cancer in vivo, a nude mice
xenogra model was established by subcutaneous A549 or NCl-
H1650 cells injection. Compared to AdGFP cells, the neoplasm
volume induced by AdBMP-9 cells was signicantly larger,
which indicating BMP-9 promoted tumor growth.

IL-6 is a multifunctional cytokine which plays a role in
different cell types. The IL-6 expression level in serum of lung
cancer patients is related to the progression and the overall
survival rate of lung cancer patients. IL-6 can inhibit P27/KIP1
pathway cell regulation points by activating PI3K/Akt pathway
in prostate cancer cells.24 IL-6 is also reported to promote
prostate cancer cell survival by activating the PI3K/Akt pathway
and regulating cyclin A1.25 In our study, overexpression of BMP-
9 can signicantly increase IL-6 in A549 and NCl-H1650 cells.
The PI3K/Akt is a major pathway in the malignant progression
of various tumors, and deregulation of PI3K/Akt signaling
pathway will lead to the activation of downstream signal
transduction and tumorigenesis.26 In our study, overexpression
of BMP-9 and recombinant BMP-9 protein facilitated the PI3K/
Akt signaling pathway, indicating that the effect of BMP-9 might
be associated with the activation of the PI3K/Akt signaling
pathway. In addition, knockdown BMP-9 or ALK1 also inhibited
cell proliferation and tumor development, which indicated the
enhancement of BMP-9 in non-small cell lung cancer.
This journal is © The Royal Society of Chemistry 2020
In conclusion, our study demonstrated that BMP-9 had
a crucial role in non-small cell lung cancer progression and
BMP-9 was an important activator of the PI3K/Akt signaling
pathway. Understanding the function of BMP-9 in the patho-
genesis of non-small cell lung cancer and targeting BMP-9
might be a new therapeutic strategy against non-small cell
lung cancer.
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