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Osteosarcoma, a common aggressive and malignant cancer, appears in the musculoskeletal system among young adults. The major cause of mortality in osteosarcoma was the recurrence of lung metastases. However, the molecular mechanisms of metastasis involved in osteosarcomas remain unclear. Recently, CXCL1 and CXCR2 have been crucial indicators for lung metastasis in osteosarcoma by paracrine releases, suggesting the involvement of directing neutrophils into tumor microenvironment. In this study, overexpression of CXCL1 has a positive correlation with the migratory and invasive activities in osteosarcoma cell lines. Furthermore, the signaling pathway, CXCR2/FAK/PI3K/Akt, is activated through CXCL1 by promoting vascular cell adhesion molecule 1 (VCAM-1) via upregulation of nuclear factor-kappa B (NF-κB) expression and nuclear translocation. The in vivo animal model further demonstrated that CXCL1 serves as a critical promoter in osteosarcoma metastasis to the lung. The correlated expression of CXCL1 and VCAM-1 was observed in the immunohistochemistry staining from human osteosarcoma specimens. Our findings demonstrate the cascade mechanism regulating the network in lung metastasis osteosarcoma, therefore indicating that the CXCL1/CXCR2 pathway is a worthwhile candidate to further develop treatment schemas.
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Introduction

Among all bone malignancy diagnoses with children and young adults, osteosarcoma is the most common primary and aggressive malignant neoplasm (1, 2). Surgical excision, neoadjuvant, and adjuvant chemotherapies are widely used to treat osteosarcoma for the preservation of limb functions and increase of the successful rate of treatment (3); in addition, less than 70% of patients remain alive after 3 years with no clinical metastasis at first diagnosis (4). Osteosarcoma has high potentials of invasion and metastasis; subsequently, osteosarcoma metastases in the lung are the main reason for mortality rate (5). Approximately one-third of the patients presenting with localized disease will relapse, and patients with metastases at diagnosis are nearly three-quarters; approximately 90% of relapses occur because of lung metastases (6). In order to prevent osteosarcoma lung metastasis, effective therapy is urgently required.

Chemokines are low-molecular-weight proteins that have diverse roles in human physiology including cellular development, migration, immune surveillance, inflammation, and various pathological conditions (7). Chemokines are critical for mediating leukocyte trafficking and positioning, stimulating endothelial cell migration, and activating signaling pathways (8). Moreover, chemokines also regulate progression, metastasis, apoptosis, and chemoresistance in cancer cells (9–12). The chemokine (C-X-C motif) ligand 1 (CXCL1) has been linked to the effects on inflammation, angiogenesis, tumorigenesis, and wound healing (13). CXCR2, receptor of CXCL1, is highly expressed on the surface of neutrophils (14) and is involved in progression in several kinds of cancer, such as lung, prostate, breast, colorectal, ovarian, and pancreatic cancer (15). CXCL1 could mediate several kinds of CXCR2-expressed cells, such as neutrophils, macrophages, osteoblasts, and fibroblasts, to regulate the tumor microenvironment (16–18). Besides, the positive correlation of CXCL1 levels depends on the size of tumor, stage of advancing, and depth of invasion while negative to survival rate of patients has been reported (19–21). CXCL1 secretion could enhance the invasion and metastasis of several types of cancer cells (22–25); in contrast, silencing or knockdown of CXCL1 could inhibit tumor growth in hepatocellular carcinoma (26) and colorectal cancer liver metastasis (27). These studies conspicuously indicate that CXCL1 is a crucial indicator in the progress of cancer invasion and metastasis. However, the role and related mechanisms of CXCL1 in osteosarcoma remain unclear.

Vascular cell adhesion molecule 1 (VCAM-1/CD106), an inducible surface glycoprotein, belongs to the immunoglobulin superfamily (28). VCAM-1 expressions influence numerous biological activities in normal conditions including the regulation of migration and invasion during the cancer metastasis (28). Overexpression of VCAM-1 could occur in the metastatic cancer cells and correlated with the stage of disease including tumor progression in osteosarcoma enhancing the connective tissue growth factor stimulation to promote migration and metastasis (9, 29, 30).

The current study showed that the CXCL1 could signal the CXCR2/focal adhesion kinase (FAK)/phosphatidylinositol-3-kinase (PI3K)/Akt/nuclear factor-kappa B (NF-κB) pathway to increase VCAM-1 expression and subsequently upregulate the metastasis ability of human osteosarcoma cells. The strategy to suppress the expression level of CXCL1 could effectively decrease the VCAM-1 expression, which has the beneficial response for inhibiting migration, invasion, and wound healing abilities in osteosarcoma. This finding strongly suggests that CXCL1/CXCR2 signals act as indicators in metastatic osteosarcoma and could be a therapeutic target for developing anticancer medicine with their unique characteristics.



Materials and Methods


Materials

All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). The CXCL1, CXCR2, VCAM-1, p-FAK, FAK, p-p85α, p85α, p-Akt, Akt, p-IKKα/β, IKKα/β, p-IκBα, IκBα, p-p65, p65, and β-Actin specific anti-mouse and anti-rabbit IgG-conjugated horseradish peroxidase antibodies were purchased from GeneTex International Corporation (Hsinchu City, Taiwan). Recombinant human CXCL1 was purchased from PeproTech (Rocky Hill, NJ, USA). Short hairpin RNA (shRNA) plasmid for CXCR2 and VCAM-1 were obtained from the National RNAi Core Facility Platform (Taipei, Taiwan). All siRNAs were ON-TARGETplus siRNAs, obtained from Dharmacon Research (Lafayette, CO, USA). The NF-κB luciferase report plasmid, pSV-β-galactosidase vector, and luciferase assay kit were purchased from Promega (Madison, WI, USA).



Cell Culture

The normal osteoblast cell lines (hFOB1.19) and human osteosarcoma cell lines (MG63, U2OS, and HOS) were purchased from the American Type Cell Culture Collection (Manassas, VA, USA). The hFOB1.19 cells were cultured in DMEM/F12 medium, U2OS cells were cultured in McCoy’s 5A medium, and MG63 and HOS cells were cultured in Eagle’s minimum essential medium. All cell mediums were supplemented with 20 mM HEPES, 10% heat-inactivated fetal bovine serum, and 2 mM-glutamine. Cells were maintained at 37°C in a humidified atmosphere of 5% CO2/95% air. Migration-prone MG63 cells were selected by their differential migration abilities as described previously (9).



Establishment of Migration-Prone Subclones From Osteosarcoma Cell Line

The MG63 (M10 and M20) migration-prone subclones were established by using Transwell inserts. MG63 osteosarcoma cells (1 × 106) suspended in 1 ml of serum-free medium were seeded in the upper chamber, while 1 ml of growth medium contained 10% FBS was loaded into the lower compartment. After 24 h, the cells that migrated across the Transwell insert to the bottom of plate were detached by trypsin and cultured as MG63 (M1). The cells were cultured for 2 days for a second round of selection. The MG63 migration-prone subclone continued migration selection for 10 and 20 rounds to generate MG63 (M10) and MG63 (M20), respectively.



Immunoblotting Assay

Total cell lysates were collected by using RIPA lysis buffer for further immunoblotting assay. Afterward, equal amounts of the protein were separated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinyl difluoride (PVDF) membranes. Blots were blocked with 5% nonfat milk for at room temperature for 1 h; moreover, blots were incubated for another 1 h with different primary antibodies at room temperature to measure the levels of the targets. The peroxidase conjugated secondary antibody (1:5,000) at room temperature for 1 h after three washes to clear residue of primary antibodies. The signals were detected on a charge-coupled device camera-based detection system (UVP Inc., Upland, CA, USA), and the ImageJ software (National Institutes of Health, USA) was used for quantifying. At least three independent immunoblotting datasets were collected from the experiments and a closer figure pattern was selected for presentation.



RNA Extraction and Quantitative Real-Time PCR

Total RNA was isolated from cells by using Total RNA preparation kits (easy-Blue Total RNA Extraction kit, iNtRON Biotechnology, Seongnam, Korea) following the manufacturer’s protocol. The RNA was reverse transcribed to cDNA by reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Quantitative real-time PCR (qPCR) was used to determine the mRNA levels of target genes by running on a StepOnePlus machine (Applied Biosystems, Foster City, CA, USA). The SYBR Green fluorescence probe system (KAPA Biosystems, Woburn, MA, USA) was used for determining the threshold cycle (CT) of target genes. Primers of human VCAM-1 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased from Sigma-Aldrich. The expression levels of the target genes were normalized to GAPDH levels and the formula of level ratio = 2−ΔΔCt, where ΔΔCt = (Ct target−Ct GADPH)Sample−(Ct target−Ct GADPH)Control, was used for calculation. The data were represented with three independent experiments with triplicate of each sample.



Transwell Cell Migration Assay

The Transwell inserts (8-μm pore size; Costar, NY, USA) in 24-well dishes were used for cell migration assay. Cells (2 × 104 cell/well) were pretreated with the designated inhibitors for 90 min and then incubated for 24 h in the culture supernatants. The cells were seeded in the upper Transwell chamber, and 300 μl of medium was prepared into the lower chamber. Cells were fixed in 3.7% formaldehyde for 30 min and stained with 0.05% crystal violet for 60 min after 24-h incubation was finished. Each chamber was washed with PBS after removing upper side cells by cotton-tipped swabs. The cells located on the underside of the filter were examined and counted under a microscope. The data were collected from at least three independent experiments.



Immunofluorescence Microscopy

MG63 cells (5 × 103 cell/well) were seeded on glass coverslips and treated with designed conditions. Once PBS was rinsed, the cells on the slice were fixed in 3.7% paraformaldehyde at room temperature for 15 min. Then, cells were washed three times with PBS to remove the residual of the fixed solution and then 4% BSA was used for blocking with another 15 min. The cells were incubated with anti-human p65 (1:100) at room temperature for 1 h. The cells were further incubated with FITC-conjugated goat anti-rabbit IgG for 1 h after twice PBS washed. Leica TCS SP2 Spectral Confocal System was used for photographing the mounted cells.



Reporter Assay

Cells (2 × 105 cell/well) were co-transfected with NF-κB report plasmid and pSV-β-galactosidase vector for 24 h by using Lipofectamine 3000™ (Invitrogen). Cells were lysed with lysis buffer (100 μl) and harvested by centrifugation (13,200 rpm for 15 min) for further luciferase assay. The supernatants with 1:4 luciferase assay buffer were reacted. Activities of luciferase were measured by a microplate luminometer and normalized to β-galactosidase expression vector co-transfection efficiency.



Chromatin Immunoprecipitation Assay

Details of chromatin immunoprecipitation (ChIP) analysis were described previously (9). In brief, DNA samples were immunoprecipitated by the anti-p65 antibody. The immunoprecipitated DNA after phenol-chloroform purification was further amplified with PCR and separated by 1.5% agarose gel electrophoresis. The signals were visualized and photographed by ultraviolet illumination. The promoter region of the NF-κB region (−2167 and −1967) in the promoter region of human VCAM-1 was amplified with primers 5’-ACAGAGAGAGGAGCTTCAGCAGTGAGAGCA-3’ and 5’-GTCTGTGCTTTATAAAGGGTCTTGTTGCAG-3’.



CXCL1 Knockdown in Osteosarcoma Cell Lines

The lentiviral expression system for CXCL1 knockdown was purchased from the National RNAi Core Facility (RNAi Core, Academia Sinica, Taiwan). The CXCL1 shRNA plasmid was selected to knock down gene expression. The osteosarcoma cell line MG63 was transfected with the CXCL1 shRNA plasmid. The cells were puromycin-selected and the surviving cells were used as stable gene-modified cell lines. MG63 cell lines that stably expressed luciferase were established before transfection with the CXCL1 shRNA vector or the control vector, and the in vivo orthotopic model was analyzed using the In Vivo Imaging Systems (IVIS, Xenogen, UK).



Orthotopic Animal Model and Imaging

Ethical approval was obtained for the use of the animals, and all experiments were performed in accordance with the Guidelines for Animal Care of the Institutional Animal Care and Use Committee of College of Medicine, National Taiwan University (Approval No: 20150357). CB17/SCID mice were purchased from Lasco Inc. (Taipei, Taiwan) weighing 20–30 g, and were acclimatized to a room maintained at 25°C and 50% ± 10% humidity under a 12-h day–night cycle for at least 3 days before experimentation. Individual mice were anesthetized with isoflurane (1%–3%) and oxygen (100%) inhalation. The cortex of the tibial crest was penetrated using a 27-gauge needle, 10 μl containing 1×106 cells were injected. Four weeks after injection, the tumor growth and local metastasis were monitored using IVIS Imaging System. The mice were euthanized by CO2 inhalation. The lung tissues were removed and fixed in 10% formalin for further analysis. The number of lung tumor nodules was counted under a dissecting microscope. The experiment was repeated twice.



Histological Analysis of Lung Metastases

All of the lungs resected from mice were fixed with 10% buffered formalin and embedded in paraffin. Thick sections of 7 μm were stained with hematoxylin and eosin by using histological analyses.



Immunohistochemistry Staining

Human osteosarcoma tissue arrays (consisting 11 cases of normal bone, 7 cases of stage I osteosarcoma, 49 cases of stage II osteosarcoma, and 7 cases of stage III osteosarcoma) were applied for investigating the expression level of CXCL1 and VCAM-1. The clinical specimens were rehydrated and incubated in 3% hydrogen peroxide to block endogenous peroxidase activity. The slices after antigen retrieval were incubated in 3% bovine serum albumin and then the primary mouse polyclonal anti-CXCL1 and VCAM-1 antibodies (1:100 dilution) at 4°C overnight. After thrice PBS washes, slides were incubated with biotin-labeled goat anti-mouse IgG secondary antibody (1:100 dilution) and signals were amplified with the ABC Kit (Vector Laboratories, Burlingame, CA, USA). Sections on slides were stained with the chromogen diaminobenzidine, washed, counterstained with Delafield’s hematoxylin, dehydrated, and treated with xylene, and then the bound signals were mounted and photographed by microscope. Intensities of tumor cell staining were scored from 0 to 5, where 0 = no staining or unspecific staining, 1 = very weak (intensity), 2 = weak staining, 3 = moderate staining, 4 = strong staining, and 5 = very strong staining. A pathologist scored staining intensity in all samples.



Statistical Analysis

Data were expressed as mean ± standard deviation (SD). Student’s t-test and one-way ANOVA, followed by post-hoc Fisher LSD multiple comparisons (multiple groups), were used. The coefficient of determination (r2) was used to evaluate the performance of a linear regression model and for modeling the coefficient of signals. A p-value < 0.05 was considered significant.




Results


CXCL1 Stimulates Migration, Wound Healing, and Invasion in Osteosarcoma Cells

CXCL1 has been integrated to migration and metastasis in various types of cancer cells (21, 25, 26). To select the suitable human osteosarcoma cell lines (MG-63, HOS, and U2OS) and to further investigate the role of CXCL1 on invasion and metastases, the migration ability was measured. As shown in Figure 1A, MG63 has a rapid cell migration ability compared to other osteosarcoma cell lines; furthermore, the CXCL1 expression levels were also consistent with the trend of migration ability (Figures 1B, C).




Figure 1 | CXCL1 increased migration, invasion, and wound healing in human osteosarcoma MG63, U2OS, and HOS cells. (A) The cell migration ability of the osteoblast cell line hFOB 1.19 and the osteosarcoma cell lines MG63, U2OS, and HOS was assessed using the Transwell assay. (B, C) Total mRNA and protein were collected from the indicated cell lines, and CXCL1 expression was detected using qPCR and Western blotting. (D–F) Migratory ability and CXCL1 expression of the indicated cells (MG63, M10, and M20) were examined by Transwell, qPCR, and immunoblotting assays. (G–I) Cells were incubated with CXCL1 (1–10 ng/ml) and the Transwell assay were used for detecting in vitro migratory, wound healing, and invasive activities after 18 h. (J–L) Cells were transfected with pcDNA3.1-conjugated CXCL1 plasmid and then CXCL1 mRNA, protein expression, and migratory potential were measured by immunoblotting, qPCR, and Transwell assays. Results were expressed as mean ± S.D. from at least three individual experiments. *p < 0.05 compared with the control group of each experiment.



The previously established high-migration-prone sublines, MG-63 (M10) and MG-63 (M20) (31), were also used to test the correlation of CXCL1 expression and migratory activity. Results showed that migration-prone sublines, MG-63 (M20) and MG-63 (M10), had a better cell motility, CXCL1 mRNA, and protein expression than the original MG63 cell line (Figures 1D–F). These findings implied a relationship of CXCL1 expression and metastasis in osteosarcoma cells. Next, CXCL1 (1–10 ng/ml) was applied to investigate whether CXCL1 expression influences cell motility in these three osteosarcoma cell lines. Results suggested that a concentration-dependently facilitated migration, wound healing, and invasive abilities could be affected in all osteosarcoma cell lines (Figures 1G–I). Furthermore, the pCDNA3.1-conjugated CXCL1 plasmid was transfected into MG63 cells to evaluate the relationship of CXCL1 levels and cell migration. Figures 1J, K indicated that the CXCL1 mRNA and protein have enhanced the expression level and the increases of migratory ability were also observed (Figure 1L) after transfected with the pCDNA3.1-CXCL1 plasmid. According to these results, the expression of CXCL1 showed a positive regulation on the migratory, wound healing, and invasive abilities in osteosarcoma cells.



CXCL1 Stimulates VCAM-1 Expression in Osteosarcoma Cells

Cell adhesion molecules play critical roles during the extravasation step, a situation where cancer cells adhere to the vasculature endothelium of small capillaries and then migrate through the vasculature wall to generate metastatic foci of tumor metastasis (32), but few known in human osteosarcoma. Previous studies suggested that VCAM-1-dependent motility is an essential factor for tumor metastatic developments (33, 34). To investigate tumor metastatic developments, the role of VCAM-1 in CXCL1 upon osteosarcoma cell migration was examined. Results (Figure 2A) showed that CXCL1 (1–10 ng/ml) could increase the VCAM-1 expression in a dose-dependent manner in MG63 cell, but no effects on intercellular adhesion molecule-1 (ICAM-1). Furthermore, the mRNA and protein levels of VCAM-1 were upregulated after CXCL1 stimulation (Figures 2B, C). Cells with VCAM-1 shRNA transfection could suppress CXCL1-induced VCAM-1 protein expressions and migration in MG63 osteosarcoma cells (Figure 2D). These results indicated that CXCL1 facilitated VCAM-1-dependent cell migration in osteosarcoma.




Figure 2 | CXCL1 promotes osteosarcoma migration by increasing VCAM-1 expression. (A) MG63 cells were stimulated with CXCL1 (1–10 ng/ml) and the mRNA levels of VCAM-1 and ICAM-1 were examined by real-time qPCR. (B, C) CXCL1 increased the VCAM-1 mRNA and protein expression in MG63, U2OS, and HOS human osteosarcoma cells. (D) VCAM-1 expression and migratory potential were examined by immunoblotting and Transwell assays in MG63 cells, which were transfected with VCAM-1 shRNA for 24 h and then stimulated with CXCL1 for another 24 h. The data were collected from at least three individual experiments and expressed as mean ± S.D. *p < 0.05 as compared to the control group; #p < 0.05 compared with the CXCL1-treated shRNA-control group.





CXCL1 Stimulates VCAM-1 Expression and Cell Migration via CXCR2 Receptor in Osteosarcoma Cells

The CXCR2 is a specific receptor for CXCL1 and is involved in CXCL1-mediated cancer progress (9, 15, 17). To further investigate whether CXCL1-induced VCAM-1 expression and cell migration are CXCR2-dependent mechanisms in osteosarcoma, the antagonist (SB225002), CXCR2 shRNA, and neutralizing antibody of CXCR2 were used for evaluation. As shown in Figures 3A, B, CXCR2 antagonist-SB225002 could significantly suppress CXCL1 (10 ng/ml)-induced cell migration and mRNA expression of VCAM-1. Similar results were observed in CXCR2 shRNA (Figures 3C, D) and CXCR2 neutralizing antibody (Figures 3E, F). These results demonstrated that CXCL1-mediated cell migration and VCAM-1 expression were upregulated by binding to the CXCR2 receptor.




Figure 3 | The role of the CXCR2 receptor in CXCL1-mediated cell migration and VCAM-1 expression. (A, B) The CXCR2 antagonist, SB225002. (C, D) CXCR2-shRNA transfection. (E, F) CXCR2 neutralizing antibody reduced CXCL1-induced cell migration and VCAM-1 expression in MG63 cells. The data were collected from at least three individual experiments and expressed as mean ± S.D. *p < 0.05 as compared to the control group; #p < 0.05 compared with the CXCL1-treated shRNA-control and IgG groups.





The FAK/PI3K/AKT/NF-κB Signaling Pathway Is Essential for CXCL1-Induced Increases in VCAM-1 Expression and Cell Migration

CXCL1/CXCR2-mediating signaling cascades, such as PI3K/Akt, mitogen-activated protein kinase (MAPK), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), have been considered the regulatory signaling pathways for migration and invasion in several cancer cells (15, 35). Additionally, a previous study also suggested that CXCL8 is activated through the CXCR2 receptor to stimulate the downstream FAK, c-Src protein tyrosine kinase activity (36). To investigate the potential downstream signaling pathway by CXCL1 activation of CXCR2, the candidate signals of FAK/PI3K/Akt were screened by different inhibitors. Inhibitors of FAK (FAKi), PI3K (LY294002 and wortmannin), Akt (Akti), and NF-κB (TPCK and PDTC) were applied and showed a clear suppression pattern of CXCL1-triggered cell migration and VCAM-1 mRNA expression in MG63 osteosarcoma cells (Figures 4A, B). Furthermore, the phosphorylation of FAK, PI3K, Akt, and NF-κB were upregulated by CXCL1 treatment (Figures 4C, D). Dominant-negative mutants of several molecules in FAK/PI3K/Akt/NF-κB abolished CXCL1-promoted MG63 cell migration and VCAM-1 mRNA expression (Figures 4E, F). Moreover, CXCL1-enhanced VCAM-1 protein levels could be suppressed by pretreating respective pathway inhibitors (Figures 4G–I). These findings indicated that CXCL1-triggered cell migration and VCAM-1 expression were regulated through the FAK/PI3K/Akt/NF-κB pathway in osteosarcoma cells.




Figure 4 | The FAK, PI3K, Akt, and NF-κB pathways are involved in CXCL1-promoted migration and VCAM-1 expression in MG63 osteosarcoma cell. (A, B) CXCL1-increased cell migration and VCAM-1 mRNA expression could be reduced by pre-treated FAK inhibitor (2 μM), PI3K inhibitors LY294002 (5 μM) and wortmannin (2 μM), Akt inhibitor (5 μM), and NF-κB inhibitors TPCK (5 μM) and PDTC (1 μM) for 90 min. (C) Phosphorylated levels of FAK, P85, and Akt, and (D) phosphorylated levels of IKK, IκBα, and p65 were examined by immunoblotting assay in MG-63 cells with CXCL1 incubation for the indicated time intervals (0, 10, 15, 30, or 60 min). (E, F) Transfecting dominant-negative mutants of FAK, PI3K, Akt, and IKK for 24 h could suppress CXCL1 increased cell migration and VCAM-1 mRNA expression. (G–I) FAK, PI3K, Akt, and NF-κB inhibitors reduced CXCL1-induced VCAM-1 protein expressions. The data were collected from at least three individual experiments and expressed as mean ± S.D. *p < 0.05 as compared to the control group; #p < 0.05 compared with the CXCL1-treated control or vector group.





The NF-κB Signals Are Involved in CXCL1-Promoted Cell Migration and VCAM-1 Expression

NF-κB has been demonstrated as a crucial factor for cancer cell migration and invasion (33, 37, 38). The NF-κB luciferase promoter plasmid was used for evaluating the possibility of CXCL1-mediated CXCR2/FAK/PI3K/Akt pathway on NF-κB expression. As shown in Figure 5A, CXCL1 could enhance the luciferase activity of the NF-κB promoter as a reversed U pattern and the peak located at 10 ng/ml. CXCL1-induced NF-κB promoter luciferase activity could be suppressed by CXCR2/FAK/PI3K/Akt/NF-κB pathway inhibitors, dominant-negative mutants, and shRNA (Figures 5B, C). Expression level of phosphorylated p65 and nuclear translocation with FAK, PI3K, and Akt inhibitors pretreatment were measured to confirm the signaling transduction cascade. The inhibitors of FAK, PI3K, and Akt reversed CXCL1-induced p65 phosphorylation and nuclear translocation (Figures 5D, E). In addition, transcriptional activation of NF-κB was further investigated whether it participates in CXCL1-promoted VCAM-1 expression. The chromatin immunoprecipitation (ChIP) assay was examined for evaluation and it was suggested that these pathway inhibitors could abolish the binding ability of CXCL1-induced p65 to the NF-κB binding element on the VCAM-1 promoter (Figure 5F). These results demonstrated that the CXCL1-driven CXCR2/FAK/PI3K/Akt pathway is involved in the regulation of NF-κB expression and nuclear translocation, and subsequently affected the expression of NF-κB-dependent VCAM-1.




Figure 5 | NF-κB mediates the response of human osteosarcoma cells by CXCL1 stimulation. (A) The luciferase activity of NF-κB promoter plasmid was incubated with the indicated doses of CXCL1 for 24 h in MG63 cells. CXCL1 (1-50 ng/ml)-stimulated NF-κB luciferase activity was suppressed by (B) inhibitors of FAK, PI3K, and AKT and (C) dominant negative FAK, PI3K, AKT, IKK, or CXCR2 shRNA. (D) The anti-p65 and DAPI signals by pretreated several inhibitors and then CXCL1 (10 ng/ml)-stimulated, representative confocal microscopy images were shown. (E) CXCL1-induced p65 phosphorylation and (F) chromatin immunoprecipitation of anti-p65 in nuclear extracts of MG63 cells were measured with pretreated inhibitors. One percent of immunoprecipitated chromatin was assayed to verify equal loading (input). Results are expressed as the mean ± S.D. of triplicate samples. *p < 0.05 as compared to the control group; #p < 0.05 compared with the CXCL1-treated control or vector group.





Suppression of CXCL1 Expression in Osteosarcoma Reduces Metastatic Colonies Arising in Pulmonary Vasculature In Vivo

To confirm findings that CXCL1 is a positive regulator for osteosarcoma metastasis to the lung, an in vivo animal study was conducted. The transfection of CXCL1 shRNA could significantly reduce the CXCL1 protein, mRNA expression (Figures 6A, B), and cell migration ability of MG63 cells (Figure 6C).




Figure 6 | The CXCL1/CXCR2 axis is required for osteosarcoma lung metastasis. (A, B) Protein and mRNA levels of CXCL1 and (C) cell migration ability of MG63 transfected with sh-CXCLl by immunoblotting, real-time qPCR, and Transwell assays in MG63 cells. (D) The mice were injected with MG63/control shRNA, or MG63/CXCL1 shRNA cells. Lung metastasis was monitored by bioluminescence imaging at the indicated time intervals. (E–G) The appearance of hematoxylin and eosin stain and numbers of metastasis nodules of lung specimens from sacrifice mice after 4 weeks of cell injection was shown. Results are expressed as the mean ± S.D. of triplicate samples. */#p < 0.05 as compared to the shRNA-control group..



An orthotopic mouse model was developed for osteosarcoma. MG63 cells were transduced with luciferase and clonally selected for orthotopic implantation and then orthotopically implanted into the right leg tibia. After 4 weeks, IVIS findings showed that the knockdown of CXCL1 reduced tumor metastasis to the lung (Figure 6D). Furthermore, the appearance, histochemistry, and number of metastasis nodules were significantly reduced in the lung specimens from sacrifice sh-CXCL1 mice as compared with their control group (Figures 6E–G). These results clearly suggested that the CXCL1 is a key regulator for osteosarcoma metastasis.



CXCL1 and VCAM-1 Levels Are Positively Correlated in Human Osteosarcoma Tissue

We next examined levels of CXCL1 and VCAM-1 expression in osteosarcoma specimens, to determine the prognostic relevance of CXCL1 and VCAM-1 in osteosarcoma progression. The IHC results revealed higher levels of CXCL1 and VCAM-1 expression in patients with a higher-grade osteosarcoma than in those with a lower-grade osteosarcoma; the levels of CXCL1 and VCAM-1 expression were reflected by the tumor stage (Figures 7A–C). These results illustrate how the levels of CXCL1 and VCAM-1 expression were significantly higher in higher-stage tumors than in lower-stage tumors. A positive correlation observed between the CXCL1 and VCAM-1 staining intensity of the human osteosarcoma tissue (r2 = 0.562, Figure 7D) indicated that the levels of these proteins were associated with the progression of osteosarcoma.




Figure 7 | Clinical significance of CXCL1 and VCAM-1 in osteosarcoma patient specimens. (A) CXCL1 and VCAM-1 expression levels in specimens were determined in a tumor tissue microarray by IHC staining. The stained specimens were photographed using an optical microscope. (B, C) IHC stain intensities were scored from 1 to 5 to quantify CXCL1 and VCAM-1 expression levels in different stages. (D) Correlation between CXCL1 and VCAM-1 expression in human osteosarcoma specimens. Results are shown as mean ± S.D.






Discussion

Osteosarcoma is a common primary but aggressive with high metastatic potential cancer in the musculoskeletal system of childhood and adolescence (1, 2). The high chemoresistance development and lung metastasis propensities of osteosarcoma imply that developing an effective adjuvant therapy for inhibiting osteosarcoma metastasis is an important and urgent issue for treating osteosarcoma. Chemokines have pro-inflammatory functions and play various roles in regulations of cell activation, differentiation, adhesion, and trafficking in immune cells involved in reprogramming of somatic cells to pluripotent stem cells (39–41). Moreover, upregulations of chemokines to facilitate proliferation and manage apoptosis, survival, and metastasis in several types of cancer are observed (10, 33). Recently, evidence suggests that CXCL1 secreted from tumor through the paracrine or autocrine mechanisms attracted various inflammatory cells (10, 21, 32, 42) or stromal cells (43, 44) into the tumoral microenvironment promoting tumor growth and metastasis, such as bladder (16), lung (17), and liver metastasis colorectal cancer (42). CXCL1 could directly recruit circulatory CXCR2-expressing neutrophils and MDSCs into inflammatory sites, developing a supportive metastatic microenvironment as pre-metastatic niches (15–18, 21). A recent study suggested that CXCL1 secreted from human pulmonary artery endothelial cells played a homing role for osteosarcoma metastasis to the lung (9). In the current study, our in vitro and in vivo studies showed that CXCL1 directly facilitates cell migration and invasion abilities, and metastasis nodule formation to the lung in osteosarcoma. The result of the study firmly indicates that the CXCL1/CXCR2 is an essential axis for metastasis of osteosarcoma.

Overexpression of FAK mediating PI3K/Akt and MEK-extracellular signal-regulated kinase 1/2 (ERK1/2) signal transductions contributes to the antiapoptotic property for cancer survival (45). It is well known that the PI3K/Akt pathway is a critical regulatory signaling for almost all human cancers (46). PI3K is a heterodimer consisting of a catalytic subunit (p110) and an adaptor/regulatory subunit (p85) that could be activated by receptors with protein tyrosine kinase or G protein-coupled receptors and activated to its downstream Akt signals (47). The PI3K/Akt pathway has been approved and associated with cell-death regulation (such as suppression of Bad proapoptotic or caspase-9 induced apoptotic activities; inducing of NF-κB transcriptional activity), cell cycle progression, and cell growth (such as modulation of mTOR activity and inhibition of GSK3 catalytic activity) (47). Findings from Kinome profiling and genome-wide gene expression data showed a notable phenomenon in that most osteosarcoma cell lines existed with active Akt signals (48). This indicated that the PI3K/Akt-mediated pathways also play important roles in osteosarcoma. Moreover, serine/threonine kinases including the PI3K/Akt and MAPK signaling cascades have been suggested, which could be activated by CXCR2 receptor (36, 49). Integration of previous studies and our findings shows that dysregulation of CXCL1/CXCR2 and their downstream PI3K/Akt pathways is implicated in the metastasis progresses of osteosarcoma (invasion, migration, etc.) including several pathological progresses (tumorigenesis, proliferation, angiogenesis, and chemoresistance).

In this study, NF-κB expression and nuclear translocation could be raised by activating the PI3K/Akt pathway. NF-κB is an essential transcription factor that could bind the 5’-regulatory region of VCAM-1 promoting expression level of VCAM-1 (9, 50). According to the current results, all NF-κB inhibitors suppressed CXCL1-induced VCAM-1 mRNA, protein expressions, and migratory and invasive activities of MG63 cells, indicating that the activation of NF-κB is essential for these metastases’ progress. Furthermore, CXCL1 facilitates NF-κB luciferase activity and enhances NF-κB p65 subunit to bind to the NF-κB binding site on the VCAM-1 promoter region. The CXCL1-increased activities of NF-κB upon VCAM-1 expression could be suppressed by inhibitors of CXCR2, FAK, PI3K, and Akt, indicating that these expressions are regulated by the CXCR2/FAK/PI3K/Akt pathway.

To establish the disseminated cancer cells that may finally cause metastases, the cancer cells were released by primary tumors into the circulation system at an early stage to adapt to new environmental stress, and transmigration of cells across endothelial capillary walls is the initial step (51). Transendothelial migration was the followed step, which occurred in monocytes or leukocytes that extravasate to the endothelial cell wall at inner blood vessels of the underlying tissues (52). VCAM-1 has been supported to associate with early leukocyte transmigration to the circulation system and into the extravasation to underlying tissues (52). Moreover, interactions of VCAM-1 with stroma are key factors for survival of metastatic cancer cells. A previous study has shown that lung metastatic breast cancer cells aberrantly expressed ICAM-1- and VCAM-1-promoted metastatic cells for survival in the parenchyma microenvironment of lung (53). Although ICAM-1 has also been shown to play roles during the initiation of the metastatic cascade driving tumor progression (54), this development seems to not involve the CXCL1-triggered metastatic cascade in osteosarcoma cells. Our results suggested that CXCL1 via the CXCR2/FAK/PI3K/Akt/NF-κB pathway enhanced VCAM-1 expression to assist the migratory and invasive activity in osteosarcoma cells. Evidence demonstrates that VCAM-1 advocated cascade relevance for tumorigenesis and metastasis and may be associated with the survival of osteosarcoma metastatic cells.

In conclusion, the current study demonstrates that chemokine CXCL1 plays a critical promotive factor via the CXCR2/FAK/PI3K/Akt pathway to upregulate the NF-κB expression and nuclear translocation, and further triggered the NF-κB-dependent VCAM-1 expression enhancing the migration, invasion, and homing abilities of osteosarcoma cells to the lung. Our investigation suggests that CXCL1/CXCR2, as a therapeutic candidate, can be targeted to further develop medicine to suppress or prevent the metastatic spread of osteosarcoma.
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