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Abstract
Background: Distant metastases occur when none-small-cell lung cancer (NSCLC) is at late stages. Bone
metastasis is one of the most frequent metastases of NSCLC and leads to poor prognosis. It has been
reported that high expression of BMP2 in NSCLC indicates poor survival, but whether BMP2 contributes to
NSCLC bone metastasis remains largely unknown. Thus, we focus on the effects of BMP2 on NSCLC
bone metastasis. Methods: Lewis lung carcinoma cells (LLCs) are injected into tail veins of C57/BL6
mice to establish lung and bone metastases models. The signaling pathway activation of LLC bone
metastasis specimens are analyzed using RNA-seq. BMP signaling activation in LLC bone metastasis
tissues are further conformed by immuno�uorescence, immunohistochemistry and western blot.
Moreover, BMP2 are used to treat NSCLC cells, and transwell assays are subsequently applied to examine
the change in migration and invasion of NSCLC cells. Roles of BMP2 playing in osteolytic and
osteoblastic mechanisms of NSCLC bone metastases are analyzed by Trap staining, ALP staining and
Alizarin red staining. Results: In this study, activation of BMP signaling is found in bone metastasis
tissues of mice lewis lung carcinoma and indicates poor survival in human NSCLC. Stroma �broblasts
can secret BMP2 to promote the migration and invasion of NSCLC cells. Besides, BMP2 signaling
activation enhances the osteoclasts differentiation from macrophages to participate in osteolytic
mechanism of NSCLC bone metastasis. Interestingly, NSCLC cells can also collect BMP2 from the
microenvironment to further enhance the osteoblasts differentiation from pre-osteoblasts, which
subsequently functions in osteoblastic mechanism. Conclusions: Our results indicate that BMP2
signaling activation enhances bone metastases of NSCLC not only through promoting migration and
invasion of cancer cells, but also through both osteolytic and osteoblastic mechanisms. Thus, inhibition
of BMP2 signaling can be a potential therapy choice for preventing bone metastases of NSCLC patients.

Background
Lung cancer is the leading cause of cancer death worldwide [1, 2]. Nearly 80% of lung cancer patients are
None-small-cell lung cancer (NSCLC), with subtypes of adenocarcinoma and squamous cancer[3]. Distant
metastasis frequently occurs when NSCLC is at late stages, which may result in poor prognosis. It has
been reported that the median survival time of patients with NSCLC metastases is between 4–5 months,
and one year survival rate is less than 10%[4]. Following breast cancer and prostate cancer, NSCLC is the
third most common cancer type that can lead to bone metastasis. About 30%-40% NSCLC patients are
diagnosed with bone metastases at late stages [5]. Moreover, lung adenocarcinomas are more commonly
seen among NSCLC patients with bone metastases compared with squamous cancers [6–10].

The high expression of bone morphogenic protein 2 (BMP2) has been reported in NSCLC[11]. The
activation of BMP2 signaling is also found to enhance cell proliferation, tumorigenesis and lung
metastases of lung adenocarcinoma[12, 13]. In addition, the high expression of BMP2 in the stroma
indicates poor prognosis in NSCLC[14]. However, the roles of BMP2 playing in NSCLC bone metastases
still remain largely unknown and the detailed mechanisms are unclear. Usually, according to the effect of
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cancers on normal bone remodeling[15, 16], bone metastases can be further classi�ed into osteolytic,
osteoblastic or mixed subtypes.

Osteolytic, which is characterized by bone resorption induced by activated osteoclasts, frequently occurs
in breast cancer, renal cell carcinoma, melanoma and thyroid cancer[9, 15–17]. Previous reports have
also revealed that the osteolytic mechanism also presents in NSCLC[10, 18]. Parathyroid hormone-related
peptide (PTHrP) and NF-kappaB ligand (RANKL), which play signi�cant roles in osteoclasts activation
and bone metastases[17, 18], are found to be associated with NSCLC bone metastases[19, 20]. Moreover,
miRNA-33a, targeting PTHrP, is con�rmed to reduce bone resorption in NSCLC[20]. In addition, matrix
metalloproteinase (MMPs), contributing to extracellular matrix degradation and interaction between
cancer cells with stroma, have been reported to be involved in bone metastasis[5, 21, 22]. Thus, signaling
pathways, like transforming growth factor (TGF-β), BMPs, Wnt, CXCR4 and NFκB, which can activate
MMPs, may also contribute to NSCLC bone metastases via MMPs[8, 18].

The osteoblastic mechanism is usually found in prostate cancer[23]. Osteogenesis associated factors,
such as TGF-β, BMPs and endothelin-1, play important roles in immature bones formation within
tumors[17, 24, 25]. However, different from osteolytic, the detailed osteoblastic mechanism in bone
metastases remains largely unknown. Although the preliminary osteolytic mechanism of NSCLC bone
metastases has been revealed, it’s still unclear about whether the osteoblastic mechanism also occurs in
NSCLC bone metastases.

Here we investigate how BMP2 signaling activation functions in bone metastases of NSCLC. In this study,
BMP signaling is found to be activated in bone metastasis tissues of mice lewis lung carcinoma and
indicates poor survival in human NSCLC. BMP2, derived from the stroma �broblasts, promotes the
migration and invasion of NSCLC cells. Besides, BMP2 signaling activation can enhance the osteoclasts
differentiation from macrophages to participate in osteolytic mechanism of NSCLC bone metastasis.
What’s more, NSCLC cells can also collect BMP2 from the microenvironment into vesicles to attach to pre-
osteoblasts to enhance its osteoblasts differentiation, which subsequently functions in osteoblastic
mechanism. Our results indicate that the function of BMP2 signaling in the bone metastases of NSCLC is
a mixed mechanism. Taken together, inhibition of BMP2 signaling may be a new therapy choice for the
NSCLC bone metastasis patients.

Materials And Methods
Antibodies and reagents. Antibodies were used in this study: monoclonal anti-Smad1/5 (Cell Signaling
Technology, 6944); anti-pSmad1/5 (Cell Signaling Technology, 9516); anti-Smad1 (Abcam, ab63356);
anti-CK18 (MutiSciences, 70-ab36769-050); anti-p-Akt (Cell Signaling Technology, 4060); anti-Akt (Cell
Signaling Technology, 2920); anti-p-Erk (Cell Signaling Technology, 4370); anti-Erk (Cell Signaling
Technology, 4695); anti-Ki67-FITC (Biolegend, 652409); TRITC-conjugated anti-Rabbit antibody (abclonal,
AS040); FITC-conjugated anti-Mouse antibody (abclonal, AS001) and anti-β-Actin (Sigma, A1978).
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Reagents: BMP2 (R&D, 355-BM-100); DAPI (Solarbio, C0060) and CFSE (eBioscience, 65-0850-84). Tris-
HCl, NaCl and other chemicals were from Sigma.

Cells. Lewis lung cells, NCIH-1373, A549 and MC3T3-E1 cells were from ATCC. The ATCC number of
Lewis lung cells (LLCs) was CRL-1642. The ATCC number of NCIH-1373 cells was CRL-5866. The ATCC
number of A549 cells was CCL-185. The ATCC number of MC3T3-E1 cells was CRL-2594. Lewis lung cells
and NCIH-1373 cells were cultured in RMPI1640 (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine
serum (FBS) (Hyclone, Utah, USA); A549 cells in DMEM (Invitrogen) with 10% FBS (Hyclone) and MC3T3-
E1 cells in α-MEM (Invitrogen) with 10% FBS (Hyclone).

Mice. C57/BL6 mice used in this study were bred and maintained in a speci�c pathogen-free animal
facility at Fujian Medical University. Mice were euthanized with carbon dioxide asphyxiation. All animal
experiments were approved by the Animal Ethical Committee of Fujian Medical University (2018-039).

Lewis lung carcinoma metastasis. 1 × 106 LLCs were injected into the tail veins of C57/BL6 mice to make
the metastasis model. LLCs usually tend to transfer to the lungs and bones. 6–8 weeks after injection,
mice were euthanized with carbon dioxide asphyxiation to get the metastasis tissues[26].

Hematoxylin and eosin stain. The tissues were embedded in para�n to be cut into 2.5 µm tissue
sections. Tissue sections were dewaxed with xylene. Then sections were rehydrated with 100% -95% -75%
alcohol gradients. Hematoxylin was stained for 20 minutes and then sections were differentiated with 1%
hydrochloric acid for 30 s. Then, after 15 minutes of PBS blue staining, eosin was stained for 3 minutes.
After rinsing, sections were dehydrated with a gradient of 95–100% alcohol. Clear the sections with
xylene for two times. Then sections were mounted with a neutral resin. Photos were taken by Olympus
microscope BX53[26].

Immunohistochemistry. The tissues were embedded in para�n to be cut into 2.5 µm tissue sections.
Tissue sections were dewaxed with xylene. Then sections were rehydrated with 100% -95% -75% alcohol
gradients. After antigens were retrieved, the sections were incubated with the primary antibodies
overnight at 4 °C. Then the sections were incubated with secondary antibodies after brie�y washed with
PBS at room temperature for 2 h. Finally, the sections were incubated with HRP-conjugated streptavidin
for 10 minutes before diamino benzidine (DAB)/H2O2 was used as the substrate for detection reaction.
Photos were taken by Olympus microscope BX53[27].

Immuno�uorescence. For tissue sections, the protocol was the same with immunohistochemistry before
the primary antibodies incubated. For cells, cells were �xed with 4% Paraformaldehyde (Sigma) for 20
minutes. Then cells were permated with 0.5% Triton X-100 for �ve minutes at room temperature. 10% BSA
was used to block the cells for 20 minutes at room temperature. After that, cells were incubated with
primary antibodies overnight at 4 °C. At the second day, cells and scetions were incubated with TRITC- or
FITC-conjugated secondary antibody for one hour at room temperature. DAPI (Solarbio, C0060) was used
to stain the nucleus. Images were taken by Zessis LSM 800 Laser scanning confocal microscope[28].
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Immunoblotting. Cells and tissues were lysed with TNE buffer (10 mM Tris-HCl, 150 mM NaCl, 1 mM
EDTA, 0.5% NP40, pH = 7.5). For immunoblotting assay, cell lysates were mixed with 4 × loading buffer
(40 mM Tris-HCl, 200 mM DTT, 4% SDS, 40% Glycerol, 0.032% Bromophenol Blue, pH = 8.0). The samples
were run with 4% stacking gel and 10% separating gels. Then proteins on the gels were transferred to
nitrocellulose �lter membranes for antibodies incubated. The membranes’ exposure was done with
thermo Pierce ECL and FluorChem E (ProteinSimple)[29].

CFSE-labeled LLC cells. LLCs were resuspended in 1 mL PBS with 2.5uM CFSE. LLCs dyed in CFSE
solution were vortex in 37℃ water bath for 10 min. Cells were washed with complete RPMI-1640 culture
medium for twice before cultured[28].

Cell migration assays. 1 × 104 cells in free culture media were placed on the upper layer of Corning cell
culture insert with 8.0 µm polycarbonate membrane. The media with or without 20 ng/mL BMP2 were
placed below the cell permeable membrane. Following an incubation period (24 hours) in 37 ℃, 5% CO2,
the cells that had migrated through the membrane were stained with 0.1% crystal violet and counted[29].

Cell invasion assays. Corning cell culture insert with 8.0 µm polycarbonate membrane were pre-treated
with 10:1 DMEM and matrigels (BD BioSciences). 1 × 105 cells in free culture media were placed on the
upper layer of the diluted matrigels. The media with or without 20 ng/mL BMP2 were placed below the
cell permeable membrane. Following an incubation period (48 hours) in 37 ℃, 5% CO2, the cells that had
migrated through the membrane were stained with 0.1% crystal violet and counted.

Cell proliferation and apoptosis assays. LLCs or MC3T3-E1 cells were placed on the upper layer of
Corning cell culture insert with 3.0 µm polycarbonate membrane. MC3T3-E1 cells were cultured in media
with or without 200 ng/mL BMP2 for 24 h. MC3T3-E1 cells were harvested to be stained with the Ki67-
FITC antibody or APC Annexin V Apoptosis Detection Kit with 7-AAD (Biolegend, 640930). Flow
cytometric analysis was performed using BD FACS C6 Flow Cytometer. The results were analyzed by the
software FlowJo 7.6.1.

ALP staining. LLCs or MC3T3-E1 cells were placed on the upper layer of Corning cell culture insert with
3.0 µm polycarbonate membrane. MC3T3-E1 cells below were cultured in media with or without
200 ng/mL BMP2 to be differentiated for seven days. ALP staining was conducted with BCIP/NBT
Alkaline Phosphatase Color Development Kit (Beyotime).

Alizarin red staining. LLCs or MC3T3-E1 cells were placed on the upper layer of Corning cell culture insert
with 3.0 µm polycarbonate membrane. MC3T3-E1 cells below were cultured in media with or without
200 ng/mL BMP2 to be differentiated for 14–21 days. After cells were �xed with 95% Ethanol for �ve
minutes, 1% Alizarin red (pH = 8.3) was stained for 15 minutes.

Trap staining. Murine pre-osteoclast RAW 264.7 cells (3 × 104 cells/well) were seeded directly into the
wells of the 6-well co-culture plates, and murine pre-osteoblast MC3T3-E1 cells (3 × 104 cells/well) were
seeded into the Corning Cell Culture Inserts with 0.4 µm polycarbonate membrane of the co-culture 6-well
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plates. After MC3T3-E1 cells were attached to the membrane of the inserts, lung cancer cells (3 × 104

cells/well) were added on top of MC3T3-E1 cell layer in triplicate and treated with 20 ng/mL BMP2 or
vehicle. The co-culture assays were performed in DMEM medium supplemented with 10% FBS and
changed every two days. TRAP staining was performed on day 6 using a leukocyte acid phosphatase kit
(Sigma, 387A)[26]. TRAP+-multinucleated cells were scored as mature osteoclasts and quanti�ed.

Elisa assay. Tumor tissues were homogenized in PBS to be samples. All samples originated from tumors
were quanti�ed to the concentration 10 mg/mL by BCA assay. The BCA kit was from Byeotime (P0009).
Samples from tumors or supernatant form cell cultures were subjected to BMP2 elisa assay (R&D,
DBP200).

RNA-seq and bioinformatics analysis. RNA library preparation was performed as described in the QIAseq
Stranded RNA Library Kits (QIAGEN). Total RNA was extracted from mice tissues. The mRNA was
fragmented to an average insert size of 200–400 bp. The cleaved RNA fragments were copied into �rst-
strand cDNA using reverse transcriptase (Thermo Fisher Scienti�c) and random primers. The �rst-strand
cDNA was converted into double-stranded DNA in the presence of dUTP. These cDNA fragments were
subjected to the addition of a single ’A’ base and subsequent ligation of the adapter. The products were
puri�ed and enriched via PCR to generate the �nal library. After testing quality using Qubit2.0 Fluorometer
and Agilent 2100 Bioanalyzer (Agilent Technologies), the libraries were sequenced on the Illumina HiSeq
platform (Illumina Inc., San Diego, CA, USA). Raw sequences were mapped to mouse genome mm10 by
STAR (v2.5.4b) [30] with key parameters setting of --readMatesLengthsIn Equal --outFilterMultimapNmax
20 --alignEndsType Local --al ignSJDBoverhangMin 10 --alignMatesGapMax 10000 --alignIntronMax
100000 --alignSJstitchMismatchNmax 5 − 1 5 5 --outFilterScoreMinOverLread 0.3 --
outFilterMatchNminOverLread 0.3. The expression level FPKM values were obtained from Cuffnorm in
Cu�inks package (v2.2.1) [31], further, signi�cant differential expressed genes (BM vs Parent, LM vs
Parent and BM vs LM) were called by Cuffdiff in Cu�inks packages, requiring p-value < = 0.01 and fold
change > = 1, all signi�cant differential expressed genes were compiled together to show clusters in
Fig. 3A. The �nd GO.pl implemented in HOMER [32] was used to test the enriched GO terms. Terms from
KEGG pathways, p-value < 1e − 5 and at least each 5 genes involved in a term were required for enriched
terms. Expression pro�les and clinical data of lung adenocarcinoma (LUAD) and lung squamouse cell
carcinoma (LUSC) were downloaded from The Cancer Genome Atlas (TCGA) [33]. The survival analysis
was carried based on mean expression for the gene list of different modules.

Statistical analysis. The student’s t-test, one-way anova test, wilcox rank sum test, log-rank test were
used. P < 0.05 were considered statistically signi�cant.

Results
BMP signaling signature was upregulated in lewis lung carcinoma bone metastases and indicated poor
survival in NSCLC
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Lewis lung carcinoma originated from a spontaneous lung adenocarcinoma of a C57/BL6 mouse[28, 29].
We injected the lewis lung carcinoma cells (LLCs) into tail veins of C57/BL6 mice, resulting in lung
metastases and bone metastases. RNA-seq was carried for bone metastasis tissues, lung metastasis
tissues and parental lewis lung cells to analyze the transcriptome differences. The compiled signi�cant
differential expressing genes (DEGs) could be classi�ed into �ve clusters C0, C1, C2, C3 and C4,
indicating different expression patterns (Fig. 1A). The C0 module showed high expressing level in both
metastasis tissues, meanwhile C1 and C2 showed higher expressing level in bone metastasis tissues
than in lung metastasis tissues and parental cells, and the C3 and C4 module showed the unique highly
expressed genes in lung metastasis tissues or parental cells (Fig. 1A). Thus, genes in C1 and C2 were
more likely to contribute to lewis lung carcinoma bone metastasis. Consistently, ANGPT1 in C1, and
MMPs and EDN1 in C2 had been reported to take part in prostate cancer bone metastasis [21, 34–36].
Signi�cant KEGG pathways were enriched in C0, C2, and C4 modules, shown in Fig. 1B. Enriched KEGG
pathways for different modules indicated that Jak-Stat signaling and PI3K-Akt might contribute to lung
carcinoma metastasis while VEGF signaling, NF-κB signaling and HIF-1α signaling was enriched in
parental lewis lung tissues (Fig. 1B). ECM-receptor interaction and amoebiasis associated gene were
upregulated in the C2 module, indicating that cell deformation and invasion might be signi�cant in the
formation of bone metastasis lesions (Fig. 1B). Furthermore, we analyzed the homologous gene
expression features of human based on TCGA data (NSCLC subtypes: LUSC and LUAD) [33] and found
that high expression of bone metastasis associated genes identi�ed in cluster C2 indicated poor survival
in human NSCLC (Fig. 1C). What’s more, ANGPT1, MMPs and EDN1, the majorly upregulated genes in C2,
were found as downstream targets of BMP signaling [18, 35, 36]. Thus, we came to the hypothesis that
BMP signaling might contribute to lewis lung carcinoma bone metastasis. As TGF-β signaling was
important in bone metastasis of various types of cancer, like prostate cancer and breast cancer[37], we
also analyze the activation of TGF-β signaling in lewis lung carcinoma bone metastasis. To analyzed
whether TGF-β or BMP signaling was activated in bone metastasis tissues of lewis lung carcinoma,
average expression of TGF-β or BMP signaling targeted genes in LLCs were de�ned as TGF-β or BMP
signaling signatures to characterize the activation of TGF-β or BMP signaling. Interestingly, we found that
BMP signaling signature but not TGF-β signaling signature was higher in bone metastasis tissues than in
lung metastasis tissues and parental lewis lung cells (Fig. 1D). Besides, up regulation of BMP signaling
signature genes also indicated poor survival in human NSCLC (Fig. 1F). Moreover, We conformed that
human and mice NSCLC cell lines were respond to BMP signaling in vitro (Fig. 1E). We pre-treated LLCs
with vehicle or 20 ng/mL BMP2 for 24 h. After that, we injected the vehicle or 20 ng/mL BMP2 pre-treated
LLCs into the tail veins of C57BL/6 mice. Furthermore, we �nd that lung and bone metastasis of BMP2
LLCs caused mice to start to die less than 20 days but mice injected with WT LLCs could survive for a
long time (Fig. 1G). Taken together, activation of BMP signaling was found in lewis lung carcinoma bone
metastases and indicated poor survival in NSCLC.

Expression of nuclear Smad1 indicated the activation of BMP signaling in bone metastasis tissues of
lewis lung carcinoma.
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We found that LLCs could colonize to both limbs and spines to form bone metastasis lesions (Fig. 2A).
When BMP signaling is activated, Smad1/5/8 is phosphorylated and translocated into nucleus with
Smad4[38, 39]. In our results, we found that Smad1 was expressed in the nucleus of lewis lung
carcinoma cells at the invasive sites, where bone resorption and destruction occurred (Fig. 2B-C). Those
results suggested that BMP signaling was activated in bone metastasis tissues of lewis lung carcinoma.
CK18, as a kind of cytokeratins, frequently expressed in NSCLC[31–33, 40]. We stained lewis lung
carcinoma cells with CK18 and Smad1 to further con�rm that BMP signaling was activated in lewis lung
carcinoma cells rather than other cell types of bone metastasis tissues. As shown in Fig. 2C, nuclear
Smad1 staining was usually found in CK18+ LLCs in bone metastasis tissues, indicating that BMP
signaling is activated in lewis lung carcinoma cells when bone metastases occurred.

The activation of BMP signaling was higher in bone metastasis tissues than in lung metastasis tissues
of lewis lung carcinoma.

Smad1/5/8 phosphorylation and nuclear localization indicates the activation of BMP signaling[39, 41].
Although Smad1 was expressed both in lung metastasis tissues and bone metastasis tissues, the
location of Smad1 within the two metastasis tissues was different (Fig. 3A-B). Smad1 majorly located in
the nucleus at the invasive boundaries in bone metastasis tissues, while it diffused in both the cytoplasm
and nucleus of carcinoma cells in lung metastasis tissues (Fig. 3A-B). Moreover, we found that, in
comparison with parental LLCs and lung metastasis tissues, bone metastasis tissues expressed higher
phosphorylated Smad1/5 (Fig. 3C). Therefore, the activation of BMP signaling was higher in bone
metastasis tissues than in lung metastasis tissues of lewis lung carcinoma. We pre-treated LLCs with
20 ng/mL BMP2 for 24 h. After that, we injected the 20 ng/mL BMP2 pre-treated LLCs into the tail veins
of C57BL/6 mice.What’s more, as shown in Fig. 3D, we found that BMP2 could induce more bone
metastasis than lung metastasis in vivo. Our results indicated that BMP2 may probably play a more
important roles in bone metastasis than in lung metastasis of NSCLC.

BMP2 signaling enhanced migration and invasion of NSCLC cells.

According to our transcriptome results,ECM-receptor interaction and amoebiasis associated genes were
upregulated in bone metastasis tissues, indicating that cell deformation, migration and invasion might
paly signi�cant roles in the formation of bone metastasis lesions(Fig. 1B). Therefore, we examined
whether BMP2 signaling could enhance migration and invasion of NSCLC cells via the transwell assay.
We found that BMP2 could enhance the migration of NSCLC cells, LLC, NCIH-1373 and A549 in vitro
(Fig. 4A-C). What’s more, the invasion ability of LLC and A549 was also promoted by BMP2 (Fig. 4D-E).
We went further to investigated the roles of BMP signaling playing in the invasion of NSCLC cells in vivo.
We pre-treated LLCs with vehicle or 20 ng/mL BMP2 for 24 h. After that, we injected the vehicle or
20 ng/mL BMP2 pre-treated LLCs into the hind leg muscles of C57BL/6 mice to analyze the invasion of
lewis lung carcinoma in the hind legs. To retain the BMP2 signaling activation in the hind leg muscles, we
repetitively injected 3 µg/kg vehicle or BMP2 into the hind leg muscles per week for three weeks. In the
vehicle group, we found that the carcinoma and the muscles or bones grew separately, indicating that
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lewis lung carcinoma did not invade into muscles and bones (Fig. 4F). Differently, in the BMP2 group, the
muscles had been destructed and the carcinoma had invaded into the bones, indicating that BMP2 could
enhance the migration and invasion of lewis lung carcinoma cells in vivo (Fig. 4F). The activation of
BMP2 signaling was con�rmed by nuclear Smad1 staining and the levels of phosphorylated Smad1/5
(Fig. 4G-H).

BMP2 derived from the stroma �broblasts enhanced migration and invasion of NSCLC cells.

Rajski et al. has reported that high BMP2 derived from stroma cells indicates poor outcome in lung
adenocarcinoma[14]. Moreover, stroma derived BMP2 is important in osteogenesis[42]. Tumor stroma
�broblast cells secret diverse cytokines to enhance cancer progression[43, 44]. Thus, we came to the
hypothesis that stroma �broblasts derived BMP2 could enhance the migration and invasion of NSCLC
cells to promote metastasis. We found that MEF (mice embryonic �broblast) can secret much more
BMP2 than LLC and pre-osteoblast cell MC3T3-E1(Fig. 5A). Moreover, the conditional media of MEF could
promote the migration of LLC (Fig. 5B-C). Those �ndings suggested that MEF might enhance migration
of LLCs via secreted BMP2. Furthermore, in consistent with the migration phenomena, the conditional
media of MEF could enhance the invasion of LLCs (Fig. 5D). In the bone metastasis tissues of lewis lung
carcinoma, we also found higher BMP2 expression in α-Sma+ activated �broblasts than other cell types
(Fig. 5E). The results above indicated that �broblast cells might be an important source of BMP2. BMP2
originated from stroma �broblasts contributed to the migration and invasion of lewis lung carcinoma
cells.

BMP2 contributed to NSCLC bone metastases via both osteolytic and osteoblastic mechanisms

In osteolytic metastases, the destruction of bone is mediated by osteoclasts rather than tumor cells[34,
45]. BMP2 has also been reported to stimulate the activation of osteoclasts to regulate the balance of
bone remodeling[36]. Osteoblasts and NSCLC cells in tumor microenvironment can cooperate with each
other to induce osteoclasts differentiation from macrophages[45]. Thus, we continued to examine
whether BMP2 could contribute to this process. We co-cultured the macrophage cell line RAW264.7 with
LLC and MC3T3-E1 or A549 and MC3T3-E1 cells to induce its differentiation for 7 days. We found that
without BMP2 stimulation, few macrophages could differentiate into TRAP+ osteoclast cells (Fig Sup 1A-
B). However, BMP2 could strongly enhance the differentiation of macrophages to osteoclasts, indicating
that BMP2 signaling contributed to osteolytic metastasis (Fig Sup 1A-B). The bi-directional interactions
between tumor cells and osteoclasts lead to both osteolysis and tumor growth[34, 45].

However, in bone metastasis tissues of lewis lung carcinoma, we could �nd the immature bone tissues,
indicating that osteoblastic mechanisms might also play roles in bone metastases of lewis lung
carcinoma (Fig. 6A). Thanks to the strong osteogenesis inducing ability of BMP2, we co-cultured LLCs
and pre-osteoblasts MC3T3-E1 with BMP2 to mimic the neoplastic osteogenesis in vivo. Interestingly,
LLCs could secret microvesicles, which subsequently attached to MC3T3-E1 cells under BMP2 treatment
(Fig. 6B). Moreover, we cultured LLCs in the Corning cell culture insert with 3.0 µm polycarbonate



Page 10/26

membranes and found that the microvesichles could pass through the 3.0 µm polycarbonate and
attached to the MC3T3-E1 cells below, indicating that the diameter of the microvesichles was less than
3.0 µm (Fig. 6B). Furthermore, we examined the osteoblast differentiation of MC3T3-E1 cells. We found
that BMP2 could induce ALP+ differentiated MC3T3-E1 cells, while microvesicles from LLCs could further
enhance this process. Our results indicated that microvesicles from LLCs induced by BMP2 could
enhance the early osteoblasts differentiation of MC3T3-E1 (Fig. 6C-D). In our study, BMP2 was found to
co-localize with the microvesicles from LLCs, indicating that LLCs could collect BMP2 from
microenvironment into the microvesicles, further enriching BMP2 to MC3T3-E1 cells (Fig. 6E). Then we
examined the proliferation and apoptosis of MC3T3-E1 cells. We found that LLCs could enhance the
expression of the proliferation marker, Ki67, in MC3T3-E1 cells and attenuate MC3T3-E1 apoptosis in the
absence of BMP2, which might be another mechanism supporting neoplastic osteogenesis (Fig Sup 2A-
B). However, the formation of calcium nodes, which indicated the mature osteocytes, was inhibited by
LLCs (Fig. 6F-G). It has been reported that cancer cells rely on direct calcium in�ux from osteogenic cells
to form bone metastasis lesions [46], indicating that calcium tended to participate in signaling
transduction but not inducing osteogenesis in bone metastasis tissues. Those results above show how
NSCLC cells, pre-osteoblasts and BMP2 interact with each other in the formation of immature bone
tissues in bone metastases.

Discussion
NSCLC is the third most common bone metastasis carcinoma, following breast cancer and prostate
cancer[6, 7]. However, different from breast cancer and prostate cancer, researches focusing on
mechanisms of NSCLC bone metastases are few. Although PTHrP and RANKL have been reported to be
associated with NSCLC bone metastasis, effects of treatment targeting RANKL on NSCLC bone
metastases are extremely limited[47]. Therefore, new mechanisms about NSCLC bone metastases and
new targets for NSCLC bone metastasis therapy need to be researched. In our present work, we �nd that
BMP2 signaling is activated in bone metastasis tissues of lewis lung carcinoma. More importantly,
BMP2, majorly derived from stroma �broblasts in vivo, can promote the migration and invasion of NSCLC
cells, osteoclasts differentiation from macrophage and osteoblast differentiation from pre-osteoblast.
Those results indicated that the activation of BMP signaling enhances the bone metastases of NSCLC
from both osteoblastic and osteolytic mechanism, which may be a new target for NSCLC bone
metastasis therapy in the future to prevent metastatic dissemination of cancer cells. Particularly, in our
results, carcinoma associated �broblasts (CAFs) are signi�cant in NSCLC bone metastases via secretion
of BMP2, which might need more attention in the future.

Formation of bone metastasis lesions needs collaboration of lung cancer cells and the
microenvironment[17, 34]. BMP2 signaling can enhance the migration and invasion of NSCLC cells, it can
promote the differentiation of osteoclasts and osteoblasts as well. Therefore, BMP2 signaling can
promote bone metastases of lung carcinoma from multiple directions (Fig. 6H). At the early stage, BMP2
enhances lung cancer cells to invade to the bone tissues. On one hand, BMP2 signaling regulates the
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interaction among lung cancer cells, and macrophages to promote the differentiation of osteoclasts,
further enhancing osteolysis in bone metastases. On other hand, BMP2 signaling can also play roles in
the differentiation of osteoblasts to induce the formation of bone tissue within the bone metastases.
However, the osteoblasts cannot form mature bone tissues. It has been reported that cancer cells rely on
direct calcium in�ux from osteogenic cells to form bone metastasis lesions [46], indicating that the roles
of immature bone tissues induced by BMP2 signaling may be the source of cytokines or matrix for the
metastasis lesions maintaining.

Although the skeleton is a permissive environment, its physical properties make it a harsh and
unwelcomed environment for the colonization of carcinoma cells. Therefore, the osteoclastic bone
resorption, which occurs in osteolysis mechanism, is signi�cant in most bone metastases[48].
Osteoclasts, the only cells capable of bone resorption, derive from myeloid lineage, which is reported to
be controlled by RANKL, PTHrP and Jagged 1[49, 50]. RANKL can be secreted by osteoblast lineages or
stromal cells, and PTHrp can be derived from tumor cells[48, 50]. BMP2 has been reported to induce
osteoblasts to secret RANKL[51, 52]. In our study, BMP2 is found to promote osteoclasts differentiation
from macrophages in cooperation with pre-osteoblasts and NSCLC cells, indicating its roles in osteolysis
mechanism of NSCLC bone metastases. Thus, BMP2 properly enhance osteoclast activation indirectly
through inducing secretion of RANKL from osteoblasts.

Osteoblastic mechanism of bone metastasis remains much more unexplored than osteolysis
mechanism. We �rstly report the osteoblastic mechanism of NSCLC bone metastasis. In consistent with
the osteoblastic mechanism of prostate cancer bone metastases, BMP2 signaling play signi�cant roles in
the formation of immature bone tissues within NSCLC bone metastasis tissues. Membrane associated
microvesicles from stromal cells or other cells in the osteogenesis niche, are important carriers for BMP2
delivered to mesenchymal stem cells or pre-osteoblasts[53]. In prostate cancer bone metastasis, cancer
cells release BMP2 via microvesicles to promote pre-osteoblasts differentiation[54]. Interestingly,
according to our results, it’s �broblasts rather than NSCLC cells and osteoblasts that are the origination of
BMP2. However, NSCLC can collect BMP2 from the microenvironment and then secret BMP2 to pre-
osteoblast cells via microvesicles to enhance the differentiation of osteoblasts, which may be a new
mechanism about how NSCLC cells interact with pre-osteoblast cells.

BMPs belong to TGF-β superfamily, including BMP2, BMP4, BMP6, BMP7 and so on[55].We �nd that
BMP2 signaling not only enhanced migration and invasion of NSCLC cells, but also contributed to
osteolysis and immature osteogenesis in bone metastases. Although, the roles of other BMP family
members in lung cancer have also been reported. Different from BMP2, BMP6 has been reported to be a
tumor suppressor in lung cancer, which may be epigenetically silenced in lung cancer[56]. The roles of
BMP4 and BMP7 in lung cancer may be controversial. Some researches indicate that BMP4 and BMP7
enhance invasion and metastasis of lung cancer while others not, which may need to be further
con�rmed [57–60].
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In the future, different inhibitors targeting BMP signaling factors can be developed for NSCLC bone
metastasis therapy. As various kinase inhibitors have been developed, BMP type I receptors, ALK2/3/6,
and BMP type II receptors, BMPRII, ActRII and ActRIIB, can be good targets[56]. Besides, BMP2
antagonisms or antibodies targeting BMP2 can also be tried in clinical NSCLC bone metastasis therapy.
Furthermore, as �broblasts are the origination of BMP2, drugs targeting CAFs might be another choice for
NSCLC bone metastasis therapy.

Conclusions
BMP2 signaling is activated in bone metastases of NSCLC. Moreover, BMP2 signaling activation
indicates poor survival in both mice and human NSCLC. Furthermore, BMP2 enhances bone metastases
of NSCLC not only through promoting migration and invasion of cancer cells, but also through both
osteolytic and osteoblastic mechanisms. Altogether, inhibition of BMP2 signaling can be a potential
therapy choice for preventing bone metastases of NSCLC patients.
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BMP signaling signature expression was up-regulated in LLC bone metastases and indicated poor
survival. (A) Heatmap with expression characteristics of the �ve mRNA-based clusters in bone metastasis
tissues, lung metastasis tissues and parental lewis lung cells. (B) The enriched KEGG pathways of C0, C2
and C4 clusters based on (A). (C) OS of TCGA patients with high C0, C2 or C4 signatures versus low C0,
C2 or C4 signatures. The p value was based on the log rank test. (*P<0.05, **P<0.01) (D) TGF-β and BMP
signaling pathway expression in bone metastasis tissues, lung metastasis tissues and parental lewis
lung cells. (*P<0.05, **P<0.01) (E) Lysates of NCIH1373, A549 and LLC cells were indicated to
immunoblotting. (F) OS of patients with high BMP signature versus low BMP signature. The p-value was
based on the log rank test. (*P<0.05, **P<0.01) (G) 1 106 LLC cells of different treatment were injected
into the tail veins of C57BL/6 mice. Death of mice were recorded and survival curves were drawn
(*P<0.05, **P<0.01).
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Figure 2

Nucelar Smad1 indicated the activation of BMP signaling in LLC bone metastasis tissues. (A) Lewis lung
carcinoma cells (LLCs) were injected into tail veins of C57/BL6 mice, resulting in lung metastasis and
bone metastasis. Representative histology analyses of bone metastasis tissues from limbs or spines
were shown. Scale bars, 100μM. T: Tumor; B: Bone. (B) Representative Smad1 immunohistochemical
analyses of bone metastasis tissues from limbs or spines were shown. Scale bars of the 100× photos
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were 100μM. Regions in the rectangles were magni�ed to 400×. Scale bars of the 400× photos were
50μM. T: Tumor; B: Bone. (C) Representative immuno�uoresence photos of Smad1, CK18 and DAPI were
shown. Scale bars of the 400× photos were 50μM. Regions in the rectangles were magni�ed. Red: CK18-
TRITC; Green: Smad1-FITC; Blue: DAPI.

Figure 3
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BMP signaling activation was higher in bone metastasis tissues than in lung metastasis tissues. (A)
Representative Smad1 immunohistochemical analyses of lung or bone metastasis tissues were shown.
Scale bars of the 100× photos were 100μM. Regions in the rectangles were magni�ed to 400×. Scale bars
of the 400× photos were 50μM. T: Tumor; B: Bone. (B) Representative immuno�uoresence photos of
Smad1, CK18 and DAPI were shown. Scale bars of the 400× photos were 50μM. Regions in the rectangles
were magni�ed. The arrows indicated Smad1 in CK18+ cells. Red: CK18-TRITC; Green: Smad1-FITC; Blue:
DAPI. (C) Lysates of LLC cells and lung or bone tissues were indicated to immunoblotting. The band
intensity of was normalized to β-Actin. The ratio of p-Smad1/5 and Smad1/5 bands intensity was
analyzed. The experiments were repeated for three times and the average relative band intensity was
shown. (*P<0.05) (D) 1 106 LLC cells of BMP2 treatment were injected into the tail veins of C57BL/6
mice. Lung or bone metastasis of total mice were recorded.

Figure 4
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BMP2 signaling enhanced migration and invasion of NSCLC cells. 1×104 LLCs (A), NCIH-1373 cells (B)
and A549 cells (C) in free culture media were placed on the upper layer of Corning cell culture insert with
8.0μm polycarbonate membrane. The media with or without 20ng/mL BMP2 were placed below the cell
permeable membrane. The cells migrating to the bottom were stained with crystal violet and counted.
Representative photos were shown. Scale bars, 100μM. Average cell numbers of at least three �elds were
shown on the right. (*P<0.05, **P<0.01) Corning cell culture insert with 8.0μm polycarbonate membrane
were pre-treated with 10:1 DMEM and matrigels (BD BioSciences). 1×105 LLCs (D) and A549 cells (E) in
free culture media were placed on the upper layer of the diluted matrigels. The media with or without
20ng/mL BMP2 were placed below the cell permeable membrane. The cells invading to the bottom were
stained with crystal violet and counted. Representative photos were shown. Scale bars, 100μM. Average
cell numbers of at least three �elds were shown on the right. (*P<0.05, **P<0.01) (F) The vehicle or
20ng/mL BMP2 pre-treated LLCs were injected into the hind leg muscles. To retain the BMP2 signaling
activation in the hind leg muscles, 3μg/kg vehicle or BMP2 were further injected into the hind leg muscles
per week. Representative histology analyses of tissues from hind legs were shown. Scale bars, 100μM. T:
Tumor; B: Bone; M: Muscle. (G) Representative Smad1 immunohistochemical analyses of tissues from
hind legs were shown. Scale bars of the 100× photos were 100μM. T: Tumor; B: Bone; M: Muscle. (H)
Lysates of tissues from hind legs were indicated to immunoblotting. The band intensity of was
normalized to β-Actin. The ratio of p-Smad1/5 and Smad1/5 bands intensity was analyzed. The
experiments were repeated for three times and the average relative band intensity was shown. (*P<0.05)
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Figure 5

Stroma derived BMP2 enhanced migration and invasion of lung cancer cells. (A) 1×104 LLC, MEF or
MC3T3-E1 cells were cultured with the same volume of DMEM with 10% FBS for three days. The
concentration of BMP2 in the supernatant were measured by Elisa. (B) 1×104 LLCs in free culture media
were placed on the upper layer of Corning cell culture insert with 8.0μm polycarbonate membrane. 1×104
LLC or MEF cells were placed below the cell permeable membrane with media with 10% FBS. The cells
migrating to the bottom were stained with crystal violet and counted. Representative photos were shown.
Scale bars, 100μM. Average cell numbers of at least three �elds were shown on the right. (*P<0.05,
**P<0.01) (C) 1×104 LLCs in free culture media were placed on the upper layer of Corning cell culture
insert with 8.0μm polycarbonate membrane. Media from 1×104 LLC or MEF cells were placed below the
cell permeable membrane. The cells migrating to the bottom were stained with crystal violet and counted.
Representative photos were shown. Scale bars, 100μM. Average cell numbers of at least three �elds were
shown on the right. (*P<0.05, **P<0.01) (D) Corning cell culture insert with 8.0μm polycarbonate
membrane were pre-treated with 10:1 DMEM and matrigels (BD BioSciences). 1×105 LLCs in free culture
media were placed on the upper layer of the diluted matrigels. Media from 1×104 LLC or MEF cells were
placed below the cell permeable membrane. The cells invading to the bottom were stained with crystal
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violet and counted. Representative photos were shown. Scale bars, 100μM. Average cell numbers of at
least three �elds were shown on the right. (*P<0.05, **P<0.01) (E) Representative immuno�uoresence
photos of BMP2, α-Sma and DAPI were shown. Scale bars of the 400× photos were 50μM. Red: α-Sma-
TRITC; Green: BMP2-FITC; Blue: DAPI.

Figure 6
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BMP2 signaling enhanced immature osteogenesis in LLC bone metastasis tissues. (A) 1×106 LLCs were
injected into tail veins of C57/BL6 mice, resulting in lung metastasis and bone metastasis.
Representative histology analyses of bone metastasis tissues from limbs or spines were shown. Scale
bars, 50μM. (B) 3×104 MC3T3-E1 cells were in the wells of 6-well co-culture plates, and 3×104 CFSE-
labeled LLCs were in the Corning Cell Culture Inserts with 3μm polycarbonate membrane of the co-culture
6-well plates with 200 ng/mL BMP2 or vehicle. OCN were stained to show MC3T3-E1 cells. Representative
immuno�uoresence photos were shown. Scale bars, 100μM. (C) LLCs or MC3T3-E1 cells were placed on
the upper layer of Corning cell culture insert with 3.0μm polycarbonate membrane. MC3T3-E1 cells were
cultured below in media with or without 200ng/mL BMP2 to be differentiated for seven days. ALP
staining was conducted with BCIP/NBT Alkaline Phosphatase Color Development Kit. Representative
photos were shown. Scale bars, 10μM. (D) Average ALP+ cell numbers of at least three �elds in (C) were
shown on the right. (*P<0.05, **P<0.01) (E) 3×104 MC3T3-E1 cells were seeded directly into the wells of
the 6-well co-culture plates, and 3×104 CFSE-labeled LLC cells were seeded into the Corning Cell Culture
Inserts with 3μm polycarbonate membrane of the co-culture 6-well plates with 200 ng/mL rhBMP2 or
vehicle. rhBMP2 were stained (Red). Representative immuno�uoresence photos were shown. Scale bars,
10μM. (F) LLCs or MC3T3-E1 cells were placed on the upper layer of Corning cell culture insert with 3.0μm
polycarbonate membrane. MC3T3-E1 cells were cultured below in media with or without 200ng/mL
BMP2 to be differentiated for 14-21 days. MC3T3-E1 cells were stained with 1% Alizarin red (pH=8.3).
Representative photos were shown. (G) Average calcium node numbers in (F) of at least three wells were
shown on the right. (*P<0.05, **P<0.01) (H) The working model of how BMP2 signaling enhanced bone
metastases of NSCLC.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Supplementary.docx

https://assets.researchsquare.com/files/06d82b36-5875-4b05-bd97-76b7748e499c/v1/Supplementary.docx

