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ABSTRACT

Bone morphogenetic protein 9 (BMP9) possesses multiple functions, but its
effects on breast cancer cells in adipose microenvironment are still unclear. This
study aimed to investigate whether BMP9 is able to modulate the interaction between
pre-adipocytes/adipocytes and breast cancer cells. An in vitro co-culture system
was established by using pre-adipocytes/adipocytes and MDA-MB-231 breast cancer
cells with BMP9 over-expression. The leptin expression and leptin-induced signaling
pathway were evaluated in this co-culture system. MTT assay, EdU assay and flow
cytometry were used to assess the proliferation of MDA-MB-231 cells. Wound-
healing assay and Transwell migration assay were used to assess the migration of
MDA-MB-231 cells. Immunofluorescence staining was used to detect the expression
of leptin recepter (ObR) in MDA-MB-231 cells. The expression of key molecules in
leptin signaling pathway in co-culture system were detected by Western blotting.
MDA-MB-231 cells and pre-adipocytes/adipocytes were inoculated into nude mice,
the tumor volume was measured, and the protein expression of key molecules in
leptin signaling pathway was detected. Results showed BMP9 inhibited breast tumor
growth in vitro and in vivo and reduced the migration of breast cancer cells in vitro.
MDA-MB-231 cells with BMP9 over-expression decreased leptin expression in
pre-adipocytes/adipocytes and had reduced phosphorylation of STAT3, ERK1/2
and AKT. Taken together, our study indicates that BMP9 can inhibit the growth
and metastasis of breast cancer cells, which may be related to interaction between
pre-adipocytes/adipocytes and MDA-MB-231 cells via leptin signaling pathway.

INTRODUCTION

Breast cancer is the most common cancer in women [1].
Although the diagnostic techniques and therapies for
breast cancer have been improved in past decades with the
development of medicine and technology, cancer relapse,
drug resistance, metastasis and other clinical features still
lead to a high mortality in breast cancer patients [2]. Studies
have shown that obesity has been regarded as an independent
risk factor of breast cancer [3, 4]. Increased accumulation of
adipose tissue is observed in obese people, and excessive pre-

adipocytes and adipocytes lead to the dysregulated secretion
of biologically active adipocytokines including leptin [5, 6].

Leptin is a secreted polypeptide with the molecular
weight of approximately 16 kD [7, 8]. Several studies have
demonstrated the close relationship between obesity and
cancer [9—12]. Leptin is able to bind to the leptin receptor
(ObR) and then activates the intracellular JAK/STAT,
MAPK/ERK1/2 and PI3K/AKT pathways, promoting
cancer progression [13]. Over-expression of leptin has
been found to promote the proliferation, migration and
angiogenesis of breast cancer cell, thereby accelerating the
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growth and metastasis of breast cancer [11, 14]. Therefore,
it is imperative to develop effective strategies to inhibit the
tumorigenic effects of leptin for obese patients.

Mounting evidence indicates a close relationship
among bone morphogenetic proteins (BMPs), adipocytes
and breast cancer [15]. BMPs belong to the transforming
growth factor-f (TGF-B) superfamily [16], and were
initially identified as osteoinductive cytokines that can
promote bone and cartilage formation in vivo [17]. Recently,
they have been shown to be involved in the regulation of
tumor development and bone metastasis [18]. BMP9 (also
known as growth differentiation factor 2)is a member of
BMPs and has different functions in distinct cancers [19].
For instance, BMP9 can promote the proliferation and
migration of liver cancer cells [20], but is able to inhibit the
growth of osteosarcoma cells [21]. In a previous study, our
results showed that BMP9 inhibited the growth, migration,
and invasion of highly malignant MDA-MB-231 and
HER2-positive SK-BR-3 cells [22—24], and suppressed the
epithelial-mesenchymal transition (EMT) of breast cancer
cells in the bone microenvironment [25]. However, the
effects of BMP9 on the biobehaviors of breast cancer cells in
adipose microenvironment remain unclear. In this study, we
investigated the effects of BMP9 on the interaction of breast
cancer cells and pre-adipocytes or adipocytes, and explored
the potential mechanisms, which may provide evidence for
the development of targeted therapy for breast cancer.

RESULTS

Effects of pre-adipocytes and adipocytes on the
biological behaviors of MDA-MB-231 cells

There was a large amount of lipid in mature adipocytes
after differentiation induction of 3T3-L1 pre-adipocytes by
Oil Red staining (Figure 1A). Oil red staining of MDA-
MB-231 cells showed more lipid drops in adipocytes group
(Figure 1B). MTT assay showed that both pre-adipocytes
and adipocytes could significantly promote the proliferation
of MDA-MB-231 cells (P < 0.05), but this was more
obvious in adipocytes group (P < 0.05) (Figure 1C). In
addition, the wound-closure rate and the number of migrated
MDA-MB-231 cells markedly increased in pre-adipocytes
group and adipocytes group as compared to control group
(P < 0.05), and the number of migrated MDA-MB-231
cells in adipocytes group was significantly higher than in
pre-adipocytes group (Figure 1D-1G).

Expression of BMP9 in MDA-MB-231 cells after
co-culture

MDA-MB-231 cells were transfected with
recombinant adenovirus AABMP9 (AdGFP as the control),
and co-cultured with pre-adipocytes or adipocytes. RT-
PCR (Figure 2A) and Western blotting (Figure 2B)
showed that the mRNA and protein expression of BMP9

was significantly increased in MDA-MB-231 cells after
transfection as compared to control group, suggesting
BMP9 over-expression in these cells.

BMP9 inhibited the proliferation and migration
of MDA-MB-231 cells in the co-culture system

MTT assay showed the proliferation of MDA-
MB-231 cells was markedly inhibited by BMP9 on the
third day and forth day, respectively (P < 0.05) (Figure 3A).
Similar result was shown by EdU assay on day 3
(Figure 3B). Flow cytometry showed BMP9 treatment for
72 h in the co-cultured system increased the cancer cells in
G,/M phase (co-cultured with pre-adipocytes) and those in
G, phase (co-cultured with pre-adipocytes and adipocytes),
but decreased cancer cells in S phase (co-cultured with pre-
adipocytes and adipocytes) (P < 0.05) (Figure 3C). These
results suggest that BMP9 suppresses the proliferation of
MDA-MB-231 cells in the co-culture system.

As shown in wound-closure assay and Transwell
migration assay, the wound-closure rate and the number of
migrated MDA-MB-231 cells in Co-pre-BMP9 group and
Co-adi-BMP9 group were markedly decreased (P < 0.05)
as compared to Co-pre-GFP group or Co-adi-GFP group
(Figure 3D-3G). These results suggest that BMP9
suppresses the migration ability of MDA-MB-231 cells in
the co-culture system.

Effect of BMP9 on the expression of leptin and
Ob-R in the co-culture system

The ObR expression in MDA-MB-231 cells was
detected by immunofluorescence staining (Figure 4A),
and the expression of leptin and ObR in pre-adipocytes
and adipocytes of the co-culture system were detected by
Western blotting. Notably, BMP9 significantly inhibited
the leptin expression in the pre-adipocytes and adipocytes
(P < 0.05) (Figure 4C), while it had no significant
influence on the expression of leptin and Ob-R in MDA-
MB-231 cells (Figure 4B).

BMP9 inhibited the proliferation and migration
of MDA-MB-231 cells by blocking leptin
signaling pathway in the co-culture system

MDA-MB-231 cells were transfected with AABMP9
(AdGFP as the control) and AdsiBMP9 (AdRFP as the
control), and then co-cultured with pre-adipocytes or
adipocytes. The expression of leptin in the supernatant
was detected by ELISA. Results showed BMP9 over-
expression reduced the leptin content, while silencing
of endogenous BMP9 expression increased the leptin
content (Figure SA). Western blotting was performed to
detect the molecules in the leptin signaling pathway of
MDA-MB-231 cells. After co-culture with pre-adipocytes,
BMP9 inhibited the expression of phosphorylated STAT3

www.impactjournals.com/oncotarget

35891

Oncotarget



and ERK1/2, but had no effect on the AKT expression;
After co-culture with adipocytes, BMP9 inhibited the
expression of phosphorylated STAT3 and AKT, but had no
effect on the ERK1/2 expression in MDA-MB-231 cells.
After co-culture with either pre-adipocytes or adipocytes,
BMP9 reduced the protein expression of CyclinD1, c-Myc
and MMP9 (Figure 5B). These results indicate that BMP9
prevent the activation of leptin signaling pathway.

Leptin neutralizing antibody was used to further
verify our findings. MDA-MB-231 cells were transfected
with AdsiBMP9 and co-cultured with pre-adipocytes
or adipocytes. Before co-culture, leptin neutralizing
antibody was added at 1 pg/ml and the medium was
refreshed once every 24 h. Results showed AdsiBMP9
induced phosphorylation of STAT3 (co-cultured with pre-
adipocytes and adipocytes), ERK1/2 (co-cultured with
pre-adipocytes) and AKT (co-cultured with adipocytes)
was reversed by leptin neutralizing antibody (Figure 5C).
It confirms that leptin signaling pathway is involved in
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the BMP9-mediated proliferation and migration of MDA-
MB-231 cells in the co-culture system.

BMP9 inhibited the growth of MDA-MB-231
cells and reduced the expression of metastasis-
related proteins in vivo

To further investigate the effect of BMP9 on the
proliferation and migration of MDA-MB-231 cells in the
co-culture system in vivo, pre-adipocytes or adipocytes
were subcutaneously inoculated into nude mice with
MDA-MB-231cells at a ratio of 5:1. Tumor volume
was measured once every 5 days. Results showed tumor
volume was significantly smaller on day 15 in Co-pre-
BMP9 group and on day 10 in Co-adi-BMP9 group than
in Co-pre-GFP group or Co-adi-GFP group (P < 0.05)
(Figure 6A and 6B). Moreover, HE staining showed the
cells in Co-pre-BMP9 group and Co-adi-BMP9 group
were loosely arranged, and their nuclei were smaller than

1.59 =3 Control group

B Pre-adipocytes group X
B Adipocytes group

=
o
1

MDA-MB-231 cells( D030 )
o
3.]
L

Cell proliferation activities of

0.0-

*%%

g
L

‘Wound-healing rate of
MDA-MB-231 cells/%
g

The number of migrated
MDA-MB-231 cells
8

AN

‘ A&ipocytes -‘group

2 !

p;)cytes group

A Pl

Control group Pre-adi

Figure 1: Different effects of pre-adipocytes and adipocytes on the biological behaviors of MDA-MB-231. (A) Adipocytic
differentiation of 3T3-L1 pre-adipocytes and Oil Red staining of mature adipocytes after differentiation induction (x400). (B) Oil Red
staining of MDA-MB-231 cells (x400). (C) MTT assay was performed to detect the proliferation of MDA-MB-231 cells(*P < 0.05,
**P < 0.01, vs control group). Result showed that pre-adipocytes and adipocytes could promot the proliferation of MDA-MB-231 cells.
(D) and (E) Cell migration was evaluated by wound-closure assay (x100; *P < 0.05, **P < 0.01, ***P < 0.001, vs control group). F and G.
The migration of MDA-MB-231 cells was evaluatedby transwell migration assay (x100; *P < 0.05, **P < 0.01, ***P < 0.001, vs control
group). *P < 0.05, **P < 0.01, ***P < 0.001; vs control group. Control group: MDA-MB-231; Pre-adipocytes group: MDA-MB-231+

pre-adipocytes; Adipocytes group: MDA-MB-231+ adipocytes.
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in Co-pre-GFP group and Co-adi-GFP group (Figure 6C).
Immunohistochemistry (IHC) showed there were a lower
expression of leptin, p-STAT3, c-Myc, CyclinD1 and
MMP9 in Co-pre-BMP9 group and Co-adi-BMP9 group,
a lower expression of p-ERK1/2 in Co-pre-BMP9 group
and a lower expression of p-AKT in Co-adi-BMP9 group
than in Co-pre-GFP group or Co-adi-GFP group. After
silencing of BMP9 in Co-pre-siBMP9 group and Co-adi-
siBMP9 group, the above changes were opposite to those
in Co-pre-BMP9 group or Co-adi-BMP9 group (Figure 6D
and 6E). These findings suggest that BMP9 suppresses the
growth of xenograft tumor and inhibits the expression of
leptin, p-ERK1/2, p-AKT, p-STAT3, c-Myc, CyclinD1 and
MMP9 in vivo.

DISCUSSION

About 10-2 0% of breast cancer is triple-negative
breast cancer (TNBC). Due to lack of endocrine and anti-
HER?2 therapeutic targets, TNBC often metastasize to the
bone, brain and/or visceral organ in early stage, leading to
a poor prognosis [26]. Recently, increasing studies focus on
the relationship between obesity and cancer. Obesity may
increase the risk for TNBC [27], which is, at least partially,
ascribed to the influence of adipokine leptin [28]. Our
previous studies demonstrated that BMP9 was able to inhibit
the proliferation, migration and invasion of triple-negative
MDA-MB-231 cells and HER2-positive SK-BR-3 cells,
and promote their apoptosis in vitro and in vivo [23, 24].
In the present study, pre-adipocytes/adipocytes were co-
cultured with MDA-MB-231 cells to mimic the adipose
microenvironment, in which BMP9 was over-expressed in
MDA-MB-231 cells. Our findings demonstrated that BMP9
could significantly inhibit the proliferation and migration
of breast cancer cells and decrease the expression of leptin
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in pre-adipocytes and adipocytes of the co-culture system
in vitro and in vivo. In addition, adipocytes were more
potent to promote the growth of breast cancer cells than
the pre-adipocytes were, but more studies are needed to
prove that pre-adipocytes and adipocytes can promote the
migration of breast cancer cells.

Cell proliferation and migration are crucial
processes in the tumorigenesis. In this study, the effects
of BMP9 on the proliferation and migration of MDA-
MB-231 cells were investigated in the co-culture system.
Our results showed that BMP9 over-expression inhibited
the proliferation and migration of MDA-MB-231 cells,and
arrested cells in G,/M phase (co-cultured with pre-
adipocytes) and G, phase (co-cultured with pre-adipocytes
and adipocytes) in the co-culture system. These findings
suggest that BMP9 may function as a tumor suppressor
in the co-culture system. However, the underlying
mechanisms are still unclear.

Leptin is one of the most important adipose-
derived cytokine and mainly expressed in adipose tissues.
However, recent studies indicate leptin can also be
synthesized in breast cancer cells in response to obesity-
related stimuli [29-31]. Leptin can bind to the ObR in
MDA-MB-231 cells and then activate the STAT3, MAPK/
ERK and PI3K/AKT signaling pathways, which in turn
promotes the cell proliferation and migration. In our study,
results showed ObR expression in MDA-MB-231 cells,
and BMP9 down-regulated the leptin expression in pre-
adipocytes and adipocytes, but had no effect on the leptin
expression in MDA-MB-231 cells. Furthermore, AABMP9
transfection decreased the expression of phosphorylated
STAT3 (co-cultured with pre-adipocytes and adipocytes),
ERK1/2 (co-cultured with pre-adipocytes) and AKT (co-
cultured with adipocytes) in MDA-MB-231 cells. These
results suggest that leptin signaling pathway may be
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Figure 2: BMP9 expression in MDA-MB-231cells ofthe co-culture system was detected by RT-PCR and Western
blotting. (A) mRNA expression of BMP9 was detected by RT-PCR. (B) Protein expression of BMP9 was detected by Western blotting.
Co-pre-Blank: MDA-MB-231 + pre-adipocytes; Co-pre-GFP: MDA-MB-231/AdGFP + pre-adipocytes; Co-pre-BMP9: MDA-MB-231/
AdBMP9 + pre-adipocytes; Co-adi-Blank: MDA-MB-231 + adipocytes; Co-adi-GFP: MDA-MB-231/AdGFP + adipocytes; Co-adi-BMP9:

MDA-MB-231/AdBMP9 + adipocytes.
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Figure 3: Effects of BMP9 on the proliferation and migration of MDA-MB-231 cells in the co-culture system. (A) The
proliferation of MDA-MB-231 cells in the co-cultured system was evaluated by MTT assay (*P < 0.05, **P < 0.01, vs control groups).
(B) The proliferation of MDA-MB-231 cells in the co-cultured system was evaluated by EdU assay (%400). (C) The cell cycleof MDA-
MB-231 cells was analyzed by flow cytometry (¥*P < 0.05, **P < 0.01, vs control groups). (D) and (E) The migration of MDA-MB-231
cells in the co-cultured system was evaluated by wound-closure assay (*P < 0.05, vs control group). (F) and (G) The migration of MDA-
MB-231 cells in the co-culture system was evaluated by transwell migration assay (*P < 0.05, **P < 0.01, ***P < 0.001, vs control
groups). All experiments were performed in triplicate.*P < 0.05, **P < 0.01, ***P < 0.001; vs control group. Results showed that BMP9
could inhibit the proliferation and migration of MDA-MB-231 cells. Co-pre-Blank: MDA-MB-231 + pre-adipocytes; Co-pre-GFP: MDA-
MB-231/AdGFP + pre-adipocytes; Co-pre-BMP9: MDA-MB-231/AdBMP9 + pre-adipocytes; Co-adi-Blank: MDA-MB-231 + adipocytes;
Co-adi-GFP: MDA-MB-231/AdGFP + adipocytes; Co-adi-BMP9: MDA-MB-231/AdBMP9 + adipocytes.
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involved in the BMP9 induced inhibition of proliferation
and migration of MDA-MB-231 cells.

To elucidate whether leptin signaling pathway is
involved in the BMP9-mediated inhibition of proliferation
and migration of MDA-MB-231 cells in the co-culture
system, leptin neutralizing antibody was used to block
the leptin signaling pathway. Results showed that
the phosphorylation of STAT3 (co-cultured with pre-
adipocytes and adipocytes), ERK1/2 (co-cultured with pre-
adipocytes) and AKT (co-cultured with adipocytes) was
inhibited by the leptin neutralizing antibody, suggesting
that BMP9 may affect cell proliferation and migration via
the leptin signaling pathway.

Furthermore, the antitumor effect of BMP9 against
MDA-MB-231 cells in the co-culture system was also

investigated in vivo. Our results indicated that BMP9
inhibited the tumor growth of xenografts in vivo, down-
regulated leptin expression, inhibited the phosphorylation
of STAT3, ERK1/2, AKT, and reduced the expression of
c-Myc, CyclinD1 and MMP9 in the breast cancer, while
opposite results were observed in Co-pre-siBMP9 group
and Co-adi-siBMP9 group. These results demonstrate that
BMP?9 is able to inhibit the cancer growth and inactivate
the leptin signaling pathway in vivo.

Nude mice were sacrificed on days 20 and 21 after
subcutaneous inoculation. Although significant difference
was observed in tumor volume, more time is needed to
evaluate the metastasis of breast cancer cells and thus
intravenous inoculation of breast cancer cells is preferred
for the observation of metastasis.
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performed in triplicate. pre-Blank: MDA-MB-231; Co-pre-Blank: MDA-MB-231 + pre-adipocytes; Co-pre-GFP: MDA-MB-231/AdGFP
+ pre-adipocytes; Co-pre-RFP: MDA-MB-231/AdRFP + pre-adipocytes; Co-pre-BMP9: MDA-MB-231/AdBMP9 + pre-adipocytes; Co-
pre-siBMP9: MDA-MB-231/AdsiBMP9 + pre-adipocytes; Co-pre-RFP + Lep Neu: MDA-MB-231/AdRFP + pre-adipocytes + Neu-leptin;
Co-pre-siBMP9 + Lep Neu: MDA-MB-231/AdsiBMP9 + pre-adipocytes + Neu-leptin; pre-Blank + Lep: MDA-MB-231 + leptin protein;
adi-Blank: MDA-MB-231; Co-adi-blank: MDA-MB-231 + adipocytes; Co-adi-GFP: MDA-MB-231/AdGFP + adipocytes; Co-adi-RFP:
MDA-MB-231/AdRFP + adipocytes; Co-adi-BMP9: MDA-MB-231/AdBMP9 + adipocytes; Co-adi-siBMP9: MDA-MB-231/AdsiBMP9
+ adipocytes; Co-adi-RFP + Lep Neu: MDA-MB-231/AdRFP + adipocytes + Neu-leptin; Co-adi-siBMP9 + Lep Neu: MDA-MB-231/
AdsiBMP9 + adipocytes + Neu-leptin; adi-Blank + Lep: MDA-MB-231 + leptin protein.

In conclusion, our finding show that BMP9 is able
to inhibit the proliferation and migration of breast cancer
in adipose microenvironment. The expression of growth
and metastasis related factors (leptin, cyclinD1, c-Myc and
MMP9I) is decreased by BMP9. Leptin signaling pathway
is involved in the anti-tumor effects of BMP9 in adipose
microenvironment. These results are also confirmed in
vivo. Thus, our study suggests that BMP9 may be used as
a novel therapy for breast cancer.

MATERIALS AND METHODS

Cell culture and recombinant adenoviruses

Human breast cancer cell line MDA-MB-231
cells and mouse pre-adipocyte cell line 3T3-L1 cells
were purchased from the China Center for Type Culture
Collection (CCTCC) and American Type Culture
Collection (ATCC), respectively. MDA-MB-231 cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS; Gibco, USA), 100 U/ml penicillin and 100 pg/ml
streptomycin, while 3T3-L1 cells were maintained in
DMEM supplemented with 10% new born calf serum
(NBCS; Gibco, USA), 100 U/ml penicillin and 100 pg/ml
streptomycin, at 37°C in a humidified atmosphere
containing 5% CO,.

Recombinant adenovirus expressing BMP9
(AdBMP9) and adenovirus expressing green fluorescent
protein (AdGFP) were kindly provided by Dr. Tong-chuan
He in the University of Chicago Medical Center, USA.
Recombinant adenovirus interfering BMP9 (AdsiBMP9)
and negative control adenovirus (AdRFP) expressing
red fluorescent protein were generated previously using
the AdEasy system. All recombinant adenoviruses were
amplified in HEK293 (CCTCC) cells before use [32].

Differentiation of 3T3-L1 cells into mature
adipocytes

3T3-L1 pre-adipocytes were cultured until 100%
confluence. Then, they were induced to differentiate into
mature adipocytes with induction medium (0.5 mmol/L
methylisobutylxanthine, 1 pmol/ml dexamethasone, and
1 pg/ml insulin, and 10% FBS) for 2 days, with 2 pg/ml
insulin for another 2 days, and finally with regular DMEM
containing 10% FBS for additional 4 days.

QOil red staining

Adipocytes were washed twice with phosphate
buffered saline (PBS; pH 7.4), and then fixed with 4%
paraformaldehyde for 30 min. 1.5 ml Oil Red staining
solution was added to each well, followed by incubation
for 30 min. After washing twice with PBS, cells were
observed under a light microscope.

Indirect co-culture

3T3-L1 pre-adipocytes or adipocytes were co-
cultured with MDA-MB-231 cells using a Transwell
culture system (0.4 pm pore size; Corning). MDA-
MB-231 cells (1.5 x 10%/well) and 3T3-L1 pre-adipocytes
or adipocytes (2 x 10*/chamber) were seeded into 6-well
culture plates and culture chamber, respectively. After
12-h culture, MDA-MB-231 cells were transfected with
AdBMPY, AdGFP, AdsiBMP9 or AdRFP. Eight hours
later, the medium was refreshed with DMEM containing
1% FBS. Then, the inserts were transferred into six-well
plates, followed by co-culture.

Cell proliferation assay

MTT assay was performed in quintuplicate to assess
the viability of MDA-MB-231 cells in the co-culture
system. After co-culture with 3T3-L1 pre-adipocytes or
adipocytes, 500 pl of MTT solution (5 mg/ml; Progema,
Madison, WI, USA) was added into each well, followed
by incubation for another 4 h. Then, 3.75 ml of dimethyl
sulfoxide was added to each well. The absorbance of each
well was measured once daily for consecutive 4 days at
492 nm using a microplate reader, and a growth curve was
delineated. Experiment was repeated three times.

Flow cytometry

In brief, MDA-MB-231 cells were collected after
3-day co-culture. Cells were washed twice with ice-cold
PBS (pH 7.4) and re-suspended. Cell cycle analysis was
done using a Xow cytometer and the CellQuest software
package. Experiment was performed at least thrice.

Wound-closure assay

A wound-closure assay was conducted to assess
the migration of MDA-MB-231 cells. When the cell

www.impactjournals.com/oncotarget

35897

Oncotarget



confluence reached 80%, a wound was made in the center
of the cell monolayer with a 10-ul sterile pipette tip.
After co-culture, cell migration was observed by a light
microscope, and images were captured at 0, 24 and 48 h
after the wound was made. The wound-healing rate was
calculated as follow: (width at 0 h — width at 48 h)/width
at 0 h x 100%. The experiment was performed thrice.

Transwell migration assay

After co-culture for 2 days with 3T3-L1 pre-
adipocutes or adipocytes, MDA-MB-231 cells were
subjected to migration assay. Approximately 5 x 10*
MDA-MB-231 cells were suspended in 0.4 ml of serum-
free medium from the co-culture system. Then, the cell

o-pre-Blank Co-pre-GFP Co-pre-R.FP Co-pre-BMP9  Co-pre-siBMP9
i ] ] [l AT

% it £ )88 Al N 2
Co-ad|-Blank Co-adi-GFP -
7 [ TR

Co-pre-Blank  Co-pre-GFP Co-pre-RFP  Co-pre-BMP9  Co-pre-siBMP9

- . . . .

suspension was added to the upper chamber, and the
medium from co-culture system supplemented with 10%
FBS was added to the lower chamber as a chemoattractant.
Twenty-four hours later, the migrated cells were washed
twice with PBS, fixed in 4% paraformaldehyde and stained
with crystal violet for 30 min. The migrated cells were
counted under a light microscope at x100 magnification.
Means were obtained from five randomly selected fields in
each well. The experiment was repeated three times.

RNA isolation and RT-PCR

Total RNA was extracted from MDA-MB-231 in
the co-culture system using Trizol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
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Figure 6: Antitumor effect of BMP9 in vivo. (A) Tumors were collected from all groups. (B) Tumor growth curve of different
groups. Results showed BMP9 inhibited the growth of MDA-MB-231 cells in vivo. (C) Hematoxylin-eosin staining of the tumors in
different groups (x400). (D) and (E) Immunohistochemistry of tumors in different groups (x400). Co-pre-Blank: MDA-MB-231 + pre-
adipocytes; Co-pre-GFP: MDA-MB-231/AdGFP + pre-adipocytes; Co-pre-RFP: MDA-MB-231/AdRFP + pre-adipocytes; Co-pre-BMP9:
MDA-MB-231/AdBMP9 + pre-adipocytes; Co-pre-siBMP9: MDA-MB-231/AdsiBMP9 + pre-adipocytes; Co-adi-Blank: MDA-MB-231
+ adipocytes; Co-adi-GFP: MDA-MB-231/AdGFP + adipocytes; Co-adi-RFP: MDA-MB-231/AdRFP + adipocytes; Co-adi-BMP9: MDA -
MB-231/AdBMP9 + adipocytes; Co-adi-siBMP9: MDA-MB-231/AdsiBMP9 + adipocytes.
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instructions. After reverse transcription, cDNA was
amplified with 1 pg of total RNA using a Primer Script Kit
(TaKaRa, Dalian, China). The mRNA expression of target
genes was normalized to that of B-actin. Primers used in
this study are shown in Table 1.

Immunofluorescence staining

MDA-MB-231 cells in 24-well cell plate
were washed twice with PBS and fixed with 4%
paraformaldehyde for 30 min. Immunofluorescence
staining was performed using Ob-R antibody (Santa Cruz,
sc-8391, 1:200). Images were captured under a fluorescence

microscope at 400x.

Western blotting

After co-culture for 3 days, proteins were
extracted from MDA-MB-231 cells, pre-adipocytes and
adipocytes. The protein concentration was determined
by bicinchoninic acid assay. After denaturation in
boiling water, proteins were separated by 10% SDS-
polyacrylamide gel electrophoresis and then transferred
onto PVDF membranes. The membranes were blocked
with 5% bovine serum albumin at 37°C for 2 h, incubated
with a primary antibody at 4°C overnight and then with a

corresponding secondary antibody (ABGENT, ASS1007,
ASS1009, 1:1000). After washing with TBST, the target
protein on the membranes was visualized with an enhanced
chemiluminescence substrate kit (Millipore Corporation,
Billerica, MA, USA). The primary antibodies used in this
study were anti-B-actin (Santa Cruz Biotechnology, sc-
47778, 1:1000), anti-BMP9 (Abcam, ab71809, 1:200), anti-
Leptin (Abcam, ab3583, 1:500), anti-Ob-R (Santa Cruz
Biotechnology, sc-8391, 1:1000), anti-STAT3 (CST, #4904,
1:2000), anti-p-STAT3 (CST,# 9145, 1:2000), anti-AKT
(CST, #4691, 1:1000), anti-p-AKT (CST, #3375, 1:1000),
anti-ERK1/2 (CST, #4695, 1:1000), anti-p-ERK1/2 (CST,
#4370, 1:2000), anti-c-Myc(Santa Cruz Biotechnology,
sc-40, 1:1000), anti-CyclinD1 (Santa Cruz Biotechnology,
sc-753, 1:1000) and anti-MMP9 (Abcam, ab137867,
1:2000). The expression of proteins was normalized to
that of B-actin. Data were analyzed using the Bio-Rad
Electrophoresis Documentation (Gel Doc 1000) and
Quantity One version 4.5.0 (Bio-Rad, Hercules, CA, USA).

In vivo tumorigenesis assay

All experiments were approved by the Institutional
Animal Care and Use Committee of the Chongqing
Medical University. Four-week-old female nude mice
(Balb/c, Beijing, China) were housed under specific
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Figure 7: Effects of BMP9 on the biological behaviors of breast cancer cells in the co-culture system.
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Table 1: Sequences of primers

Genes Sequences Product length (bp)
B-actin Forward 5'-CACCACACCTTCTACAATGAGC-3' 200
Reverse 5'-GTGATCTCCTTCTGCATCCTGT-3'
BMP9 Forward 5'-CTGCCCTTCTTTGTTGTCTT-3' 322
Reverse 5'-CCTTACACTCGTAGGCTTCATA-3’

pathogen-free condition. MDA-MB-231 cells were
transfected with AAGFP, AARFP, AdBMP9 or AdsiBMP9
in vitro. Pre-adipocytes (2.5 x 107 cells) or adipocytes
(2.5 x 107 cells) and MDA-MB-231 cells (5 x 10°cells)
were inoculated subcutaneously into female nude mice in
different groups. Five days later, tumors were observable.
Tumor volume was measured once every 5 days and tumor
growth curve was delineated. Nude mice were sacrificed
20 days later, tumor tissues were collected, paraffin-
embedded, and stained with hematoxylin-eosin.

Immunohistochemistry

Paraffin-embedded tumor tissues were sectioned.
The sections were deparaffinized and rehydrated. After
antigen retrieval in citric acid buffer, sections were
treated with 3% hydrogen peroxide to block the activity
of endogenous catalase, and then incubated with the
primary antibody at 4°C overnight. After incubation with
secondary antibody for 20 min, sections were visualized
with 3, 3-diaminobenzidine tetrachloride. Finally, sections
were counterstained with hematoxylin, and mounted.

Statistical analysis

All the data are presented as mean + standard
deviation and analyzed with SPSS 17.0. Student’s ¢ test was
used to determine the significant differences between two
groups. A value of P < 0.05 was considered statistically
significant.

Abbreviations

leptin receptor (ObR); bone morphogenetic proteins
(BMPs); transforming growth factor-p (TGF-B); epithelial-
mesenchymal transition (EMT); immunohistochemistry
(IHC); triple-negative breast cancer (TNBC); China
Center for Type Culture Collection (CCTCC); American
Type Culture Collection (ATCC); Dulbecco’s modified
Eagle’s medium (DMEM); fetal bovine serum (FBS); new
born calf serum (NBCS); adenovirus expressing BMP9
(AdBMP9); adenovirus expressing green fluorescent
protein  (AdGFP); adenovirus interfering BMP9
(AdsiBMP9); negative control adenovirus (AdRFP)

Authors’contributions

TW, ZHZ, and YZ designed the study. TW, ZHZ,
KW, JSW, and YY]J conducted the experiment, collected
the data. JX, LYG, MYJ, LZ and TCH analyzed the data.
TW and ZHZ wrote the manuscript.

CONFLICTS OF INTEREST

None.

FUNDING

This work was supported by the National Nature
Science Foundation of China (81172017) and National
Basic Research Program of China (973 Program,
2011CB707906).

REFERENCES

1. Rossi S, Schinzari G, Basso M, Strippoli A, Dadduzio V,
D’Argento E, Cassano A, Barone C. Maintenance hormonal
and chemotherapy treatment in metastatic breast cancer: a
systematic review. Future oncol. 2016.

2. Giordano C, Chemi F, Panza S, Barone I, Bonofiglio D,
Lanzino M, Cordella A, Campana A, Hashim A, Rizza P,
Leggio A, Gyorffy B, Simoes BM, et al. Leptin as a
mediator of tumor-stromal interactions promotes breast
cancer stem cell activity. Oncotarget. 2016; 7:1262—1275.
doi: 10.18632/oncotarget.6014.

3. Renehan AG, Tyson M, Egger M, Heller RF, Zwahlen M.
Body-mass index and incidence of cancer: a systematic
review and meta-analysis of prospective observational
studies. Lancet. 2008; 371:569-578.

4. LeeY, Jung WH, Koo JS. Adipocytes can induce epithelial-
mesenchymal transition in breast cancer cells. Breast
Cancer Res Treat. 2015; 153:323-335.

5. Avtanski DB, Nagalingam A, Bonner MY, Arbiser JL,
Saxena NK, Sharma D. Honokiol activates LKB1-miR-
34a axis and antagonizes the oncogenic actions of leptin
in breast cancer. Oncotarget. 2015; 6:29947-29962. doi:
10.18632/oncotarget.4937.

www.impactjournals.com/oncotarget

35900

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

E.
Adipose tissue and adipocytes support tumorigenesis and
metastasis. Biochim Biophys Acta. 2013; 1831:1533—1541.
Friedman JM, Halaas JL. Leptin and the regulation of body
weight in mammals. Nature. 1998; 395:763—7 70.

Denver RJ, Bonett RM, Boorse GC. Evolution of leptin
structure and function. Neuroendocrinology. 2011; 94:21-38.

Nieman KM, Romero IL, Van Houten B, Lengyel

Park J, Euhus DM, Scherer PE. Paracrine and endocrine
effects of adipose tissue on cancer development and
progression. Endocr Rev. 2011; 32:550-5 70.

Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in
inflammation and metabolic disease. Nat Rev Immunol.
2011; 11:85-97.

Yan D, Avtanski D, Saxena NK, Sharma D. Leptin-induced
epithelial-mesenchymal transition in breast cancer cells
requires beta-catenin activation via Akt/GSK3- and MTA1/
Wntl protein-dependent pathways. J Biol Chem. 2012;
287:8598-8612.

Hefetz-Sela S, Scherer PE. Adipocytes: impact on tumor
growth and potential sites for therapeutic intervention.
Pharmacol Therapeut. 2013; 138:197-210.

Saxena NK, Sharma D, Ding X, Lin S, Marra F, Merlin D,
Anania FA. Concomitant activation of the JAK/STAT, PI3K/
AKT, and ERK signaling is involved in leptin-mediated
promotion of invasion and migration of hepatocellular
carcinoma cells. Cancer Res. 2007; 67:2497-2507.

Knight BB, Oprea-Ilies GM, Nagalingam A, Yang L,
Cohen C, Saxena NK, Sharma D. Survivin upregulation,
dependent on leptin-EGFR-Notchl axis, is essential for
leptin-induced migration of breast carcinoma cells. Endocr
Relat Cancer. 2011; 18:413-428.

Bertolini F, Orecchioni S, Petit JY, Kolonin MG. Obesity,
proinflammatory mediators, adipose tissue progenitors, and
breast cancer. Curr Opin Oncol. 2014; 26:545-550.

Wang K, Feng H, Ren W, Sun X, Luo J, Tang M, Zhou L,
Weng Y, He TC, Zhang Y. BMP9 inhibits the proliferation
and invasiveness of breast cancer cells MDA-MB-231. J
Cancer Res Clin. 2011; 137:1687-1696.

Wang RN, Green J, Wang Z, Deng Y, Qiao M, Peabody M,
Zhang Q, Ye J, Yan Z, Denduluri S, Idowu O, Li M, Shen C,
et al. Bone Morphogenetic Protein (BMP) signaling in
development and human diseases. Genes & Diseases. 2014;
1:87-105.

Ye L, Bokobza SM, Jiang WG. Bone morphogenetic
proteins in development and progression of breast cancer
and therapeutic potential (review). Int J Mol Med. 2009;
24:591-597.

Wan S, Liu Y, Weng Y, Wang W, Ren W, Fei C, Chen Y,
Zhang Z, Wang T, Wang J, Jiang Y, Zhou L, He T, et al.
BMP9 regulates cross-talk between breast cancer cells and
bone marrow-derived mesenchymal stem cells. Cell Oncol.
2014; 37:363-375.

Garcia-Alvaro M, Addante A, Roncero C, Fernandez M,
Fabregat I, Sanchez A, Herrera B. BMP9-Induced Survival

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Effect in Liver Tumor Cells Requires p38MAPK Activation.
Int J Mol Sci. 2015; 16:20431-20448.

Lv Z, Wang C, Yuan T, Liu Y, Song T, Liu Y, Chen C,
Yang M, Tang Z, Shi Q, Weng Y. Bone morphogenetic
protein 9 regulates tumor growth of osteosarcoma cells
through the Wnt/beta-catenin pathway. Oncol Rep. 2014;
31:989-994.

Wang L, Ling Y, Chen Y, Li CL, Feng F, You QD, Lu N,
Guo
migration and invasion of MDA-MB-231 human breast
cancer cells. Cancer Lett. 2010; 297:42-48.

Ren W, Sun X, Wang K, Feng H, Liu Y, Fei C, Wan S,
Wang W, Luo J, Shi Q, Tang M, Zuo G, Weng Y,et al.
BMP9 inhibits the bone metastasis of breast cancer cells

QL. Flavonoid baicalein suppresses adhesion,

by downregulating CCN2 (connective tissue growth factor,
CTGF) expression. Mol Biol Rep. 2014; 41:1373—1 383.
Ren W, Liu Y, Wan S, Fei C, Wang W, Chen Y, Zhang Z,
Wang T, Wang J, Zhou L, Weng Y, He T, Zhang Y. BMP9
inhibits proliferation and metastasis of HER2-positive SK-
BR-3 breast cancer cells through ERK1/2 and PI3K/AKT
pathways. Plos One. 2014; 9:¢96816.

Wang W, Weng Y, Ren W, Zhang Z, Wang T, Wang J,
Jiang Y, Chen Y, Zhou L, He T, Zhang Y. Biological
roles of human bone morphogenetic protein 9 in the bone
microenvironment of human breast cancer MDA-MB-231
cells. Am J Transl Res. 2015; 7:1660-1674.

Swede H, Gregorio DI, Tannenbaum SH, Brockmeyer JA,
Ambrosone C, Wilson LL, Pensa MA, Gonsalves L,
Stevens RG, Runowicz CD. Prevalence and prognostic
role of triple-negative breast cancer by race: a surveillance
study. Clin Breast Cancer. 2011; 11:332-341.
Fuentes-Mattei E, Velazquez-Torres G, Phan L, Zhang F,
Chou PC, Shin JH, Choi HH, Chen JS, Zhao R, Chen J,
Gully C, Carlock C, Qi Y, et al. Effects of obesity on
transcriptomic changes and cancer hallmarks in estrogen
receptor-positive breast cancer. J Natl Cancer 1. 2014; 106.
Oh SW, Park CY, Lee ES, Yoon YS, Lee ES, Park SS,
Kim Y, Sung NJ, Yun YH, Lee KS, Kang HS, Kwon Y, Ro
J. Adipokines, insulin resistance, metabolic syndrome, and
breast cancer recurrence: a cohort study. Breast Cancer Res:
BCR. 2011; 13:R34.

Bartella V, Cascio S, Fiorio E, Auriemma A, Russo A,
Surmacz E. Insulin-dependent leptin expression in breast
cancer cells. Cancer Res. 2008; 68:4919-4927.

Cascio S, Bartella V, Auriemma A, Johannes GJ, Russo A,
Giordano A, Surmacz E. Mechanism of leptin expression in
breast cancer cells: role of hypoxia-inducible factor-1alpha.
Oncogene. 2008; 27:540-547.

Cleary MP, Grossmann ME, Ray A. Effect of obesity on
breast cancer development. Vet Pathol. 2010; 47:202-213.
He TC, Zhou S, da Costa LT, Yu J, Kinzler KW, Vogelstein B.
A simplified system for generating recombinant adenoviruses.
P Natl Acad Sci USA. 1998; 95:2509-2514.

WWW

.impactjournals.com/oncotarget

35901

Oncotarget



