CCL5 promotes vascular endothelial growth factor expression and induces angiogenesis by down-regulating miR-199a in human chondrosarcoma cells
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Abstract
Chondrosarcoma is a primary malignant bone cancer, with a potent capacity to invade locally and cause distant metastasis. Angiogenesis is a critical step in tumor growth and metastasis. Chemokine CCL5 (previously called RANTES) has been shown to facilitate tumor progression and metastasis. However, the relationship of CCL5 with vascular endothelial growth factor (VEGF) expression and angiogenesis in human chondrosarcoma is mostly unknown. In this study, CCL5 increased VEGF expression and also promoted chondrosarcoma medium-mediated angiogenesis in vitro as well as angiogenesis effects in the chick chorioallantoic membrane and Matrigel plug nude mice model in vivo. MicroRNA analysis was performed in CCL5-treated chondrosarcoma cells versus control cells to investigate the mechanism of CCL5-mediated promotion of chondrosarcoma angiogenesis. Among the miRNAs regulated by CCL5, miR-199a was the most downregulated miRNA after CCL5 treatment. In addition, co-transfection with miR-199a mimic reversed the CCL5-mediated VEGF expression and angiogenesis in vitro and in vivo. Moreover, overexpression of CCL5 increased tumor-associated angiogenesis and tumor growth by downregulating miR-199a in the xenograft tumor angiogenesis model. Taken together, these results demonstrated that CCL5 promotes VEGF-dependent angiogenesis in human chondrosarcoma cells by downregulating miR-199a.
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1. Introduction

Chondrosarcoma is the second most common sarcoma arising in bone malignancy after myelomas and osteosarcoma. Chondrosarcoma is characterized as aggressive, pathologically diverse and highly malignant 
 ADDIN EN.CITE 
[31]
. However, until now, surgical resection has been the preferred therapy for chondrosarcoma treatment. Patients with chondrosarcoma usually present poor prognosis after surgical resection because of the potential for distant chondrosarcoma metastasis 26[, 29]
. Therefore, better strategies of treatment will ultimately require understanding the molecular mechanisms of the metastasis step of human chondrosarcoma and identifying and specifically targeting the critical signaling effectors 7[]
.
Tumor growth and metastasis depends on the ability of cells to induce their own blood supply. Angiogenesis is essential for human cancer progression and development 
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[1]
. The angiogenesis switch is balanced on multiple angiogenesis activators such as vascular endothelial growth factor (VEGF) and inhibitors such as thrombospondin-1 regulatory molecules of endothelial proliferation and migration 
 ADDIN EN.CITE 
[35, 36]
. VEGF has been reported to play an important role in embryonic development, wound healing, tumor growth and angiogenesis 18[]
. VEGF was realized that the permeability-inducing factor and the endothelial cell growth factor are encoded by a single VEGF gene, and that several VEGF isoforms including VEGF-A (also call VEGF), VEGF-B, VEGF-C, VEGF-D, VEGF-E and placenta growth factor are produced from this gene by alternative splicing to form active disulfide-linked homodimers. The most important member is VEGF-A. This protein is a glycosylated mitogen that specifically acts on endothelial cells and has various effects, including mediating increased vascular permeability, inducing angiogenesis, vasculogenesis and endothelial cell growth, promoting cell migration, and inhibiting apoptosis. The humanized anti-VEGF monoclonal antibody (mAb) bevacizumab (Avastin) has been established to suppress tumor growth and angiogenesis 14[]
. Therefore, VEGF may be a critical target for cancer therapy and metastasis.
Chemokine CCL5 (previously called RANTES) is a small molecular weight protein (7.8 kDa) belonging to the chemokine family, and is widely established as an inflammatory chemokine secreted by many cell types including activated T cells, macrophages, platelets, smooth muscle cells and endothelial cells 
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[3]
. CCL5 is associated with chronic inflammatory diseases such as rheumatoid arthritis and inflammatory bowel disease 
 ADDIN EN.CITE 
[23]
. Several investigations have reported that CCL5 correlates with motility and metastasis of human cancers 
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[10, 33, 34]
. Strikingly, several reports have indicated that CCL5 was found to be highly expressed in breast cancer patients and that expression levels correlated with advanced disease course 
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[22, 32]
. Furthermore, in chondrosarcoma, CCL5 has been shown to promote migration and metastasis 30[]
. 
microRNAs (miRNAs) are small (about 22-nucleotides long), non-coding RNAs that can modulate targeted gene expression through either translational repression or mRNA cleavage 
 ADDIN EN.CITE 
[9, 24]
. Recently, it has been reported that miRNAs are involved in angiogenesis and metastatic progression because one miRNA can regulate a set of functionally relevant genes simultaneously, which may reinforce the phenotypic change 
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[21, 35]
. CCL5 has been demonstrated to induce migration in human chondrosarcoma through matrix metalloproteinase-3 (MMP-3) upregulation 30[]
. On the other hand, VEGF is a potent angiogenic factor that is pivotal in angiogenesis and tumor growth. Therefore, we hypothesized that miRNA may be involved in CCL5-mediated VEGF expression and angiogenesis in human chondrosarcoma. The results show that CCL5 reduces miR-199a expression, leading to the upregulation of VEGF expression, resulting in angiogenesis and tumor growth.
2. Materials and Methods
2.1 Materials
Anti-mouse and anti-rabbit IgG-conjugated horseradish peroxidase, rabbit polyclonal antibodies speciﬁc for β-actin and CD31 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). CCL5 and VEGF antibodies were purchased from Abcam (Cambridge, MA, USA). Recombinant human VEGF, BX471, SB297006 and DAPTA were purchased from R&D Systems (Minneapolis, MN, USA). Recombinant human CCL5 and the VEGF ELISA kit were purchased from PerpoTech (Rocky Hill, NJ, USA). The miR-199a mimic (miR-199a mimic is a ready-to-use commercial product, double-stranded RNA molecules designed to mimic endogenous mature miRNA molecules when introduced into cells.), miR-199a inhibitor, Lipofectamine™ 2000, and Trizol were purchased from Life Technologies (Carlsbad, CA, USA). The customized miRNA array primer was purchased from System Biology Ireland (Galway, Ireland). Dulbecco’s modiﬁed Eagle’s medium (DMEM), (-minimum essential medium (MEM), fetal bovine serum (FBS) and all the other cell culture reagents were purchased from Gibco-BRL Life technologies (Grand Island, NY, USA). The dual-luciferase reporter assay kit was purchased from Promega (Madison, WI, USA). All other chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA). The preparation specifications of the conditioned medium (CM), ELISA assay, migration assay, tube formation assay, hemoglobin assay, isolation and cultivation of endothelial progenitor cells (EPCs), immunohistochemistry (IHC), western blot analysis, miRNAs transfection, and plasmid constructs are provided in Supplementary Data.
2.2 Cell culture

The human chondrosarcoma cell line (JJ012) was developed in the lab of Joel Block at Rush University and kindly provided by Dr. Sean P Scully (University of Miami School of Medicine, Miami, FL, USA). The cells were cultured in a single medium containing DMEM/α-MEM supplemented with 10% FBS. All cells were maintained in an incubator humidified at 37°C with 5% CO2.
2.3 Isolation and cultivation of endothelial progenitor cells (EPCs)

Ethical approval was granted by the Institutional Review Board of Mackay Medical College, New Taipei City, Taiwan (reference number: P1000002). Informed consent was obtained from healthy donors before the collection of peripheral blood (80 mL). The peripheral blood mononuclear cells (PBMCs) were fractionated from other blood components by centrifugation on a Ficoll–Paque plus (Amersham Biosciences, Uppala, Sweden) according to the manufacturer’s instructions. CD34-positive progenitor cells were obtained from the isolated PBMCs using a CD34 MicroBead kit and a MACS Cell Separation System (Miltenyi Biotec, Bergisch Gladbach, Germany). The maintenance and characterization of CD34-positive EPCs were performed as described previously 
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[11, 37]
. Briefly, human CD34-positive EPCs were maintained and propagated in MV2 complete medium consisting of MV2 basal medium and growth supplement (PromoCell, Heidelberg, Germany), with 20% chemically defined FBS (HyClone, Logan, UT). Cells were seeded onto 1% gelatin-coated plastic ware and cultured in humidified air containing 5% CO2 at 37°C for further treatment.
2.4 Generation of stable cell lines
The JJ012 cells were seeded on plates and infected with pLKO_AS2.puro-vector, pLKO_AS2.puro-CCL5, or pLKO_1.puro-CCL5 shRNA by prepared lentivirus. At 24 h after infection, stable clones were selected with puromycin. Thereafter, the selection medium was replaced every 2 days. After 2 weeks of selection, resistant clones were established.
2.5 Quantitative real-time PCR of mRNA and miRNA
The quantitative real time PCR (qPCR) analysis was carried out using Taqman® one-step PCR Master Mix (Applied Biosystems, CA, USA); 100 ng of total cDNA were added per 25 μl reaction with sequence-specific primers and Taqman® probes. Sequences for all target gene primers and probes were purchased commercially (GAPDH was used as an internal control) (Applied Biosystems, CA, USA). qPCR assays were carried out in triplicate on a StepOnePlus sequence detection system. The cycling conditions consisted of 10-min polymerase activation at 95°C followed by 40 cycles at 95°C for 15 s and 60°C for 60 s. The threshold was set above the non-template control background and within the linear phase of the target gene amplification to calculate the cycle number at which the transcript was detected (denoted CT) 
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[16]
.
For miRNA assay, cDNA was synthesized from total RNA (100 ng) using the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems). The reactions were incubated first at 16 °C for 30 min and then at 42 °C for 30 min followed by inactivation at 85 °C for 5 min. The reactions were then incubated in a 96-well plate at 50 °C for 2 min, 95 °C for 10 min, followed by 30 cycles of 95 °C for 15 s and 60 °C for 1 min using the StepOnePlus sequence detection system. Relative quantification of gene expression was performed using the endogenous control gene (U6). The threshold cycle (CT) was defined as the fractional cycle number at which the fluorescence passed the fixed threshold. Relative expression was calculated using the comparative CT method.
2.6 Migration assay

The migration assay was performed using Transwell 24-well dishes with a pore size of 8 μm (Costar, NY, USA). Approximately 1×104 EPCs in 200 μl of DMEM serum-free medium were placed in the upper chamber, and 300 μl of medium containing 50% serum-free DMEM and 50% CM was placed in the lower chamber. The cells were incubated for 24 h at 37°C in 5% CO2, then fixed in methanol for 15 min and stained with 0.05% crystal violet in PBS for 15 min. Cells on the upper side of the filters were removed with cotton-tipped swabs and the filters were washed with PBS. Cells on the underside of the filters were examined and counted under a microscope. Each clone was plated in triplicate in each experiment and each experiment was repeated at least three times.

2.7 Tube formation assay

Matrigel (BD Biosciences; Bedford, MA) was dissolved at 4°C overnight, and 48-well plates were prepared with 150 μL Matrigel in each well after coating and incubating at 37°C for 30 min. EPCs (5 × 104 cells) were given 100 μL cultured media which included 50% MV2 complete medium and 50% osteosarcoma cell conditioned medium. After 16 h of incubation at 37°C, EPC tube formation was assessed with a photomicroscope, and each well was photographed at 200X magniﬁcation under a light microscope. Tube branches and total tube length were calculated using MacBiophotonics Image J software (Bethesda, MD, USA).
2.8 Luciferase reporter assay
The cells were seeded on 6-well plates, and the cells were transiently transfected with VEGF 3′UTR luciferase plasmids using Lipofectamine™ 2000 according to the instructions of the manufacturer. The cells were collected and lysed with reporter lysis buffer 24 h after the transfection. The luciferase and renilla activities in the cellular extracts were determined using the dual-luciferase® reporter assay system. The relative luciferase activity was calculated by the ratio of luciferase/renilla activity, and normalized to that of the control cells.
2.9 Chorioallantoic membranes (CAM) assay
The fertilized chicken eggs were incubated at 37°C and 80% humidiﬁed atmosphere. On day 8, CM from chondrosarcoma cells was deposited in the center of the chorioallantoic. The angiogenesis responses were analyzed 4 days after the implantation. Matrigel plugs were trimmed off CAM, collected for microscopy and photographed 25[]
. The number of blood vessels as the index of angiogenesis was blindly quantiﬁed by counting the branches of blood vessels. At least 10 viable embryos were tested for each treatment. All animal experiments were executed in accordance with a protocol approved by the China Medical University (Taichung, Taiwan) institutional animal care and use committees.
2.10 Matrigel plug assay
Mice were subcutaneously injected with 0.2 ml Matrigel containing chondrosarcoma CM. Matrigel pellets were harvested 7 days after the implantation, were ﬁxed with 4% paraformaldehyde/PBS and embedded in parafﬁn. Subsequently, the samples were processed for CD31 staining. The blood vessel formation of the samples was also quantified by the Drabkin’s method with Drabkin’s reagent kit (Sigma). Drabkin’s Reagent is used for the quantitative, colorimetric determination of hemoglobin concentration in whole blood. A colorimetric cyanmethemoglobin method was proposed where total hemoglobin at alkaline pH is rapidly converted to the cyanoderivative. The absorbance of the cyanoderivative is determined at 540 nm.
2.11 In vivo tumor xenograft study
Experimental cells (JJ012/vector, JJ012/CCL5 and JJ012/CCL5-shRNA) were injected subcutaneously into the right side of 4-week-old male nude mice (1 × 106 cells in 200 μL serum-free medium), and the mice were randomly divided into 3 groups (10 mice per group), and all the experiments repeated 3 times. Mice were observed at 6 weeks by the Xenogen IVIS system and images were captured 10 min after D-luciferin injection with a 60-s exposure using a CCD camera. Mice were euthanized by subjecting them to CO2 inhalation and the tumors were removed and ﬁxed in 10% formalin, and their volume and weight were measured. The hemoglobin content was assayed using the Drabkin’s reagent kit (Sigma).
2.12 Statistics analysis
The data were presented as mean ± standard error of the mean (SEM). The one-way ANOVA analysis of variance with Bonferroni multiple comparison test was used to determine the significant differences among the groups by GraphPad (Prism; La Jolla, CA, USA). The p-value for significance of multiple comparisons defines < 0.05 and only display P < 0.05 in GraphPad software. The Student’s t-test was used to determine the significant difference between two groups. In all cases, p<0.05 was considered signiﬁcant.
3 Results
3.1 CCL5 and VEGF expression correlates with the tumor stage of patients with chondrosarcoma
CCL5 has been reported to promote migration and motility in human chondrosarcoma through upregulation of MMP-3 30[]
. VEGF is a potent angiogenic factor that is pivotal in angiogenesis and tumor metastasis. To determine the clinical significance of CCL5 and VEGF expression in patients with chondrosarcoma, we analyzed samples from chondrosarcoma patients by immunohistochemical staining. The expression of CCL5 and VEGF in chondrosarcoma patients was significantly higher than that in normal cartilage (Fig. 1A). In addition, the high level of CCL5 expression correlated strongly with VEGF expression and tumor stage (Figs. 1A & B). The quantitative data also exhibited the high positive relationship between the expression of CCL5 and VEGF in tissues obtained from chondrosarcoma patients (Fig. 1B). 
3.2 CCL5 promotes VEGF-dependent angiogenesis in human chondrosarcoma cells
Next, we applied CCL5 to the human chondrosarcoma cell line and determined the expression of VEGF. The results showed that CCL5 increased VEGF mRNA expression in a concentration-dependent manner (Fig. 2A). We also found that CCL5 induced a concentration-dependent production of VEGF in human chondrosarcoma cells by ELISA assay and western blot analysis (Figs. 2B & C). The process of angiogenesis mainly involves endothelial cell proliferation, migration, and tube formation to form new blood vessels 6[]
. We then examined whether CCL5-dependent VEGF expression induced angiogenesis by using EPCs model in vitro. We demonstrated that conditioned medium (CM) from CCL5-treated chondrosarcoma cells dramatically enhanced migration and tube formation of EPCs (VEGF was used as positive control) (Figs. 1D & E). To elucidate how CCL5-dependent VEGF plays an important role in angiogenesis, the VEGF antibody was used. As shown in Figures 1E & F, pretreatment of chondrosarcoma cells with VEGF antibody significantly prevented CCL5-induced migration and tube formation of EPCs (Figs. 1D & E). 
To further elucidate the effect of CCL5 in VEGF expression and angiogenesis in chondrosarcoma, a CCL5 stable transfectant in JJ012 cells was established. After proper selection by antibiotics, CCL5-overexpressed clone (JJ012/CCL5) and vector control (JJ012/vector) cells were established. The expression of CCL5 and VEGF was increased in JJ012/CCL5 cells (Fig. 3A-C). We found that CM from JJ012/CCL5 cells increased migration and tube formation of EPCs (Figs. 3D & E). In contrast, shRNA-mediated knockdown of CCL5 and VEGF in JJ012/CCL5-shRNA cells showed notably reduced EPC migration and tube formation compared with the control (Figs. 3A-E). These results indicate that CCL5-dependent VEGF expression promotes angiogenesis in human chondrosarcoma in vitro.
3.3 CCL5/CCR5 axis mediates VEGF expression and angiogenesis
It has been reported that CCL5 increases cell motility and metastasis through interaction with its specific receptors CCR1, CCR3, and CCR5 
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[28, 33]
. Therefore, we hypothesized that CCR may be involved in CCL5-induced VEGF expression and angiogenesis in human chondrosarcoma cells. The concentration of BX471, SB297006 and DAPTA has been described previously. Pretreatment of cells with CCR5 antagonist (DAPTA) but not CCR1 antagonist (BX471) and CCR3 antagonist (SB297006) markedly inhibited CCL5-induced VEGF expression (Figs. 4A-C). In addition, CM from chondrosarcoma cells demonstrated that DAPTA but not BX471 and SB297006 significantly reduced CCL5-mediated migration and tube formation of EPCs (Figs. 4D & E). The data suggests that CCL5 and CCR5 interaction promotes angiogenesis by VEGF expression.
3.4 CCL5 promotes VEGF expression and angiogenesis by downregulating miR-199a
miRNAs has been reported to be involved in the regulation of VEGF expression and angiogenesis 
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[2, 19]
. In order to investigate miRNAs differential expression in CCL5-treated chondrosarcoma cells, we used miRNome microRNA Profilers QuantiMir™ kit (System Biosciences; Mountain View, CA, USA) that contained 96 human miRNAs interrelated with angiogenesis. The differentially expressed miRNAs with >2-fold change in CCL5-treated chondrosarcoma cells included 10 miRNA species which were upregulated and 7 miRNAs species were downregulated (Supplemental Fig. S1). We integrated the miRNA array results with 3 online computational algorithms (TargetScan, PicTar, and miRanda) and filtered out 1 candidate miRNA (miR-199a), which targeted VEGF-A (Fig. 5A). We confirmed miR-199a using quantitative RT-PCR (qRT-PCR) in JJ012/CCL5, JJ012/CCL5-shRNA, and control cells. The mi-199a was downregulated by CCL5 in JJ012/CCL5 cells and upregulated by CCL5 shRNA in JJ012/CCL5-shRNA cells (Fig. 5A). To further verify the direct effect of miR-199a on VEGF regulation, we transiently transfected the miR-199a mimic into JJ012/CCL5 and JJ012/CCL5-shRNA cells, and VEGF expression, EPC migration, and tube formation were inhibited by the miR-199a mimic (Figs. 5A-F). In contrast, transfection of miR-199a inhibitor reversed the CCL5-mediated VEGF expression, EPC migration, and tube formation (Figs. 5A-F).
To examine whether miR-199a regulates the 3′UTR of VEGF, we constructed luciferase reporter vectors harboring the wildtype 3′UTR of the VEGF mRNA (wt-VEGFA-3′UTR) and vector containing mismatches in the predicted miR-199a binding site (mt-VEGFA-3′UTR) and transfected these vectors into JJ012/CCL5, JJ012/CCL5-shRNA, and control cells (Fig. 6A). The cotransfection with miR-199a mimic reduced luciferase activity in the wt-VEGFA-3′UTR plasmid but not in the mt-VEGFA-3′UTR plasmid (Fig. 6B). On the other hand, cotransfection with miR-199a inhibitor reversed luciferase activity in wt-VEGFA-3′UTR plasmid but not in mt-VEGFA-3′UTR plasmid (Fig. 6B). Taken together, these data demonstrated that miR-199a directly represses the VEGF-A protein expression through binding to the 3′UTR of the human VEGF-A gene.
3.5 CCL5 increases angiogenesis and tumor growth by downregulating miR-199a in vivo
CCL5-dependent VEGF expression and angiogenesis was further demonstrated by downregulating miR-199a in vivo using the chick embryo chorioallantoic membrane (CAM). It was clearly observed that CM from JJ012/CCL5 cells increased angiogenesis in CAM, and cotransfection with miR-199a mimic blocked CCL5-mediated angiogenesis (Figs. 7A & B). In contrast, JJ012/CCL5-shRNA cells markedly reduced angiogenesis in CAM (Figs. 7A & B). We next performed the Matrigel implant assay in mice to further confirm the results from the CAM model. The results showed that Matrigel mixed with CM from JJ012/CCL5 cells increased microvessel formation (including the Matrigel plugs analyzed for the CD31 expression and hemoglobin content), and miR-199a mimic abolished this effect (Figs. 7C-E). In addition, CM from JJ012/CCL5-shRNA cells significantly diminished neovascularization (Figs. 7C-E). These results indicated that CCL5 promotes angiogenesis through downregulation of miR-199a expression in vivo.
Herein, we investigated whether CCL5 promoted tumor angiogenesis and progression in chondrosarcoma. Human chondrosarcoma cells were mixed with Matrigel and injected into the flanks of nude mice. As shown in Figures 8A-D, overexpression of CCL5 promoted tumor growth. Nevertheless, knockdown of CCL5 profoundly suppressed tumor growth in mice. We also evaluated the level of angiogenesis (the hemoglobin content) and miR-199a expression in tumor specimens. The results show that CCL5 increased chondrosarcoma-induced angiogenesis but reduced miR-199a expression in vivo (Figs. 8E-H). However, the hemoglobin content correlated with tumor volume inversely correlates with miR-199a expression (Figs. 8F & H). Overall, these results suggest that CCL5 promotes VEGF-dependent angiogenesis and tumor growth by downregulating miR-199a in vivo.
4 Discussion
Chondrosarcoma is different from other mesenchymal malignancies such as osteosarcoma and Ewing’s sarcoma, which present dramatic increases in long-term survival due to the advent of systemic chemotherapy 5[]
. Chondrosarcoma presents poor prognosis because there is no effective adjuvant therapy for it. Moreover, there are numerous reports that chondrosarcoma exhibits a predilection for metastasis to the lungs. Angiogenesis is an essential step for human cancer metastasis. Therefore, it is important to explore potential targets for preventing chondrosarcoma metastasis and angiogenesis. In the current study, we found that CCL5 increased VEGF expression in human chondrosarcoma cells, and subsequently induced migration and tube formation of human EPCs, indicating CCL5 promoted angiogenesis by the induction of VEGF. Tumor-derived chemokines have been shown to directly affect tumor cells in an autocrine manner 20[]
. Here, we showed that overexpression of CCL5 promoted VEGF expression and increased angiogenesis in vitro and in vivo. In contrast, we also demonstrated that CCL5-shRNA significantly abolished tumor growth and angiogenesis in human chondrosarcoma in vivo. Compelling evidence indicates that CCL5 released by the cells of the tumor in its microenvironment acting through autocrine activities promotes proliferation, migration and invasion of tumor cells 4[]
. Thus, we suggest that CCL5 released by chondrosarcoma cells acts as an autocrine factor to stimulate VEGF expression, and contributes to tumor angiogenesis in the chondrosarcoma microenvironment. Furthermore, we found that the expression of CCL5 and VEGF in chondrosarcoma patients was correlated with tumor stage, indicating that CCL5 may be a potential predictive factor for disease progression of human chondrosarcoma. Taken together, our results suggest that CCL5 promotes VEGF-dependent angiogenesis in the human chondrosarcoma microenvironment. This is also the first study to demonstrate that CCL5 induces angiogenesis by VEGF production in human cancer cells, especially chondrosarcoma cells.
It has also been demonstrated that CCL5-induced pro-angiogenic effects depend on CCR1, CCR3, and CCR5 in atherosclerosis 
 ADDIN EN.CITE 
[27]
. However, the role of CCR in CCL5-mediated VEGF expression and angiogenesis are unknown. In this study, we found that the CCR5 speciﬁc inhibitor (DAPTA) but not the CCR1 speciﬁc inhibitor (BX471) or CCR1 speciﬁc inhibitor (SB297006) abolished CCL5-induced VEGF expression. Furthermore, DAPTA but not BX471 and SB297006 also blocked CCL5-mediated angiogenesis in EPCs. These results indicated that CCL5 and CCR5 interaction promoted VEGF-dependent angiogenesis in human chondrosarcoma cells. In addition to cancer metastasis, a similar interaction has also been reported in the CCL5 promoted integrin expression and motility in human osteosarcoma cells 
 ADDIN EN.CITE 
[34]
. Lung metastasis has also been shown to involve CCL5/CCR5-dependent activation 
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[17]
. The CCL5/CCR5 axis also has been demonstrated to enhance oral cancer metastasis 
 ADDIN EN.CITE 
[10]
. Taken together, these results show that the CCL5/CCR5 axis may have a role in the treatment of cancer metastasis.
The newly identified small noncoding RNAs, miRNAs, belong to a novel class of gene regulators that control gene expression by binding to complementary sequences in the 3′UTRs of target mRNAs 
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[13, 38]
. Deregulated expression of miRNAs have been reported in human cancers and may affect multiple steps during metastasis 8[]
. miR-199a has been reported to inhibit tumor-associated angiogenesis by decreasing HIF-1α and VEGF expression in ovarian cancer cells 
 ADDIN EN.CITE 
[15]
. In addition, downregulation of miR-199a can enhance cell growth and migration in human osteosarcoma 
 ADDIN EN.CITE 
[12]
. However, the effect of miR-199a in human chondrosarcoma cells is largely unknown. Here we found that exogenous or overexpression of CCL5 promoted VEGF expression and angiogenesis. Cotransfection of cells with miR-199a mimic abolished the CCL5-mediated VEGF expression and angiogenesis. In addition, we also indicated that miR-199a directly represses the VEGF-A protein expression through binding to the 3′UTR of the human VEGF-A gene, thereby negatively regulating VEGF-mediated angiogenesis and tumor growth. 

Tumor metastasis is caused by wandering tumor cells from the primary tumor, which then colonize other sites in the body. The most common features of tumor metastasis are described as invasion, intravasation, and extravasation from the circulatory system, colonization and angiogenesis at a distant site. This distant metastasis is generally connected with the poor prognosis of patients with chondrosarcoma. However, development of an antiangiogenic and antimetastatic therapy could conceivably be useful in patients with chondrosarcoma. So far, antiangiogenic drug is widespread used for metastatic cancer, and its effect needs to be further explored in chondrosarcoma cells. In this study we found that CCL5 induces VEGF expression and subsequently promotes angiogenesis and tumor growth in human chondrosarcoma cells through downregulating miR-199a. These discoveries may provide better comprehension of the angiogenesis mechanism, fueling the development of potential therapies for chondrosarcoma.
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Figure legends
Figure 1: The correlation among CCL5, VEGF, and tumor stages in human chondrosarcoma tissues. (A) Immunohistochemistry of CCL5 and VEGF expression in normal cartilage and chondrosarcoma tissues. The correlation and quantitative data are shown in (B).

Figure 2: CCL5 promotes VEGF expression and subsequently increases angiogenesis in human chondrosarcoma cells. (A-C) The JJ012 cells were incubated with CCL5 (0.3–100 ng/mL) for 24 h, and VEGF expression was examined by qPCR, ELISA, and western blotting. (D-F) The JJ012 cells were pre-treated for 30 min with VEGF antibody (5 μg/mL) followed by stimulation with CCL5 (100 ng/mL) or incubated with CCL5 (3–100 ng/mL) for 24 h. The medium was collected as CM and then applied to EPCs for 24 h. The cell migration and capillary-like structure formation in EPCs was examined by Transwell and tube formation assay. Results are expressed as the mean ± standard error of the mean (SEM). *, p < 0.05 compared with control; #, p < 0.05 compared with CCL5-treated group.
Figure 3: CCL5 induces VEGF-dependent angiogenesis in human chondrosarcoma cells. (A-C) The VEGF expression in the indicated cells was examined by qPCR, ELISA, and western blotting. (D-F) The cells were cultured for 24 h. The medium was collected as CM and then applied to EPCs for 24 h. The cell migration and capillary-like structure formation in EPCs was examined by Transwell and tube formation assay. Results are expressed as the mean ± standard error of the mean (SEM). *, p < 0.05 compared with control.
Figure 4: CCL5 enhances VEGF-dependent angiogenesis through CCR5 receptor. (A-C) The JJ012 cells were pre-treated with the BX471 (10 nM), SB297006 (10 nM) or DAPTA (10 nM) for 30 min followed by stimulation with CCL5 (100 ng/mL) for 24 h, and VEGF expression was examined by qPCR, ELISA and western blotting. (D&E) In addition, the medium was collected as CM and then applied to EPCs for 24 h. The cell migration and capillary-like structure formation in EPCs was examined by Transwell and tube formation assay. Results are expressed as the mean ± standard error of the mean (SEM). *, p < 0.05 compared with control.
Figure 5: CCL5 promotes VEGF expression and angiogenesis by downregulating miR-199a. (A) JJ012 cells were incubated with CCL5 (100 ng/mL) for 24 h, and miR-199a expression was examined by qPCR. (B-D) The cells were transfected with miR-199a mimic or inhibitor for 24 h, and VEGF expression was examined by qPCR, ELISA, and western blotting. (E&F) In addition, the medium was collected as CM and then applied to EPCs for 24 h. The cell migration and capillary-like structure formation in EPCs was examined by Transwell and tube formation assay. Results are expressed as the mean ± standard error of the mean (SEM). *, p < 0.05 compared with control.
Figure 6: The miR-199a directly represses the VEGF expression through binding to the 3′UTR of the human VEGF-A. (A) Schematic representation of the 3′UTR of the human VEGF-A containing a miR-199a binding site. (B) Cells were cotransfected with miR-199a mimic or inhibitor and wt-VEGFA-3′UTR or mt-VEGFA-3′UTR plasmid for 24 h, and the relative luciferase/renilla activities were measured as described in the Methods section. Results are expressed as the mean ± standard error of the mean (SEM). *, p < 0.05 compared with control; #, p < 0.05 compared with CCL5-overexpressed group.
Figure 7: CCL5 promotes angiogenesis by downregulating miR-199a in vivo. (A&B) Chick embryos were incubated with the indicated chondrosarcoma CM for 4 days, and then resected, ﬁxed and photographed with a stereomicroscope (each group n=10). (C-E) Mice were injected subcutaneously with Matrigel mixed with indicated chondrosarcoma CM for 7 days. The plugs were excised from the mice and photographed, stained with CD31, and hemoglobin content quantified. Results are expressed as the mean ± standard error of the mean (SEM). *, p < 0.05 compared with control; #, p < 0.05 compared with CCL5-overexpressed group.
Figure 8: CCL5 increases tumor-associated angiogenesis and tumor growth in vivo. The cells were mixed with Matrigel and injected into the ﬂank sites of mice for 6 weeks, and then sacrificed (each group n=10). (A) The luciferase activity was measured using an in vivo imaging system to determine the tumor cell number at different time intervals. (B-G) The tumors were photographed with a microscope, weight and volume measured, hemoglobin levels quantified, and the miR-199a expression examined. The correlation between tumor volume and hemoglobin levels was shown in (F). The correlation between miR-199a levels and hemoglobin levels was shown in (H). Results are expressed as the mean ± standard error of the mean (SEM). *, p < 0.05 compared with control.
