Prostate cancer derived-CCN3 induces M2 macrophage infiltration and contributes to angiogenesis in prostate cancer microenvironment
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Abstract

    Tumor-associated macrophages (TAMs) that infiltrate to tumor microenvironment are well studied to promote tumor progression. TAMs are M2-polarized macrophages that improve tumor growth, angiogenesis, and metastasis. However, the mechanisms that TAMs modulate prostate cancer (PCa) growth are poorly discussed. In our study, we found the nephroblastoma overexpressed (NOV/CCN3), one of the CCN gene family, which is up-regulated in PCa cells could increase macrophage infiltration and adhesion to PCa cells. The PCa conditioned medium (PCaCM)-induced RAW264.7 macrophage infiltration was correlated with the CCN3 expression in human PCa cells, and the PCaCM-induced macrophage infiltration was inhibited by neutralizing antibody against CCN3. In addition, qPCR analyses of M2 macrophage markers showed that CCN3 and PCaCM could educate innate macrophages toward M2 phenotype. Moreover, CCN3 could skew innate macrophage differentiation from LPS/IFN-γ primed M1 phenotype into M2 phenotype. Specifically, PCa derived-CCN3 was found to induce VEGF expression and subsequently increased tube formation in endothelial progenitor cells through the focal adhesion kinase (FAK)/Akt/NF-κB signal pathway in the macrophages. Finally, in the chick chorioallantoic membrane assay and xenograft tumor angiogenesis model in vivo, RAW264.7 macrophages were found to increase tumor growth and tumor-associated angiogenesis in PCa. Our results indicate that PCa secreted-CCN3 could recruit and skew macrophages to M2 phenotype, which subsequently contributes to VEGF-dependent angiogenesis. This study reveals a novel mechanism that TAMs enhance angiogenesis in PCa and provides potential therapeutic targets to PCa.

Running title: CCN3 promote TAM angiogenesis in prostate cancer

Keyword: CCN3; VEGF; Prostate cancer; M2 macrophage; TAM

Introduction
Prostate cancer (PCa) is most diagnosed malignancy in the United States and in other western countries 
 ADDIN EN.CITE 
(1,2)
, and surgery is the most common therapeutic method for early stage of PCa. However, it is still the second leading cause of cancer related mortality because of secondary metastasis. 
    Tumor microenvironment is a complex system composed of many cell types, including endothelial cells, smooth-muscle cells, fibroblasts, inflammatory cells such as macrophages and dendritic cells 3()
. It is well discussed that tumor cells interact with the other cell nearby their microenvironment are crucial for malignant progression 3()
. Among these cells, macrophages are the most abundant population resident in tumor microenvironment. Distinct population macrophages, named as tumor-associated macrophages (TAMs) are recruited to tumor microenvironment by tumor-secreted cytokines and alter their ability to improve tumor progression 4()
. Although TAMs may have controversial effects in tumor progression as the M1 phenotype correlates with anti-tumoral capacity, whereas M2 phenotype exert a pro-tumoral effect 5()
. However, numerous reports indicate that tumor environment educates infiltration TAMs toward immunomodulate M2 macrophages 
 ADDIN EN.CITE 
(6,7)
. In tumor microenvironment, TAMs could promote tumor growth, invasion, metastasis, and angiogenesis 
 ADDIN EN.CITE 
(8-10)
. Angiogenesis is one of TAMs function in tumor environment, which was related to cancer progression and proliferation 
 ADDIN EN.CITE 
(10-12)
. Recently, considerable evidences indicate that TAMs produces angiogenic factors such as VEGF and platelet-derived endothelial and contributes angiogenesis 
 ADDIN EN.CITE 
(12-14)
.

Nephroblastoma overexpressed (NOV/CCN3) was first discussed in myeloblastosis-associated virus-induced nephroblastoma in chickens 
 ADDIN EN.CITE 
(15)
. NOV gene belongs to the CCN family, which also contains the cysteine-rich 61 (CYR61) and connective tissue growth factor (CGTF) genes. CCN family produces secreted proteins that participate in many biological functions, such as cell adhesion, migration, proliferation, wound healing and angiogenesis 
 ADDIN EN.CITE 
(16-18)
. Recently observations have support that CCN3 over expression is correlated with poor prognosis in osteosarcoma 
 ADDIN EN.CITE 
(19,20)
 and increases metastasis in melanoma 
 ADDIN EN.CITE 
(21)
. Moreover, CCN3 promoted cell migration and invasion in osteosacroma and PCa 
 ADDIN EN.CITE 
(22,23)
. Previous study reveals that CCN3 is upregulated in PCa cells and human PCa patients 
 ADDIN EN.CITE 
(24)
. In addition, CCN3 is overexpressed in malignant PCa cell lines thus increases the cell migration ability and bone metastasis 25()
. Furthermore, our previous study shows that CCN3 modulates bone microenvironment on PCa bone metastasis by osteoclastogenesis 26()
. These evidences indicate that CCN3 is important in cancer progression.

    CCN3 is a multifunctional cytokine which regulates signals from the extracelluar matrix (ECM) and correlates with tumorogenesis. Recently, CCN3 is mentioned as novel angiogenic regulator and promotes angiogenesis in vivo 
 ADDIN EN.CITE 
(27)
. Nevertheless, the mechanism whether CCN3 could increase TAMs infiltration and serves as angiogenic inducer is poorly discussed in PCa. Here, we show the first evidence that PCa-derived CCN3 recruits macrophage infiltration and contributes to tumor-associated angiogenesis in human PCa cells. In addition, we also found that abundant M2 macrophage infiltration was found in the tumor margin in PCa specimens. Furthermore, CCN3 skewed differentiation of macrophage into M2 phenotype subsequently promoted angiogenic factor VEGF production. In addition, CCN3 increase VEGF expression and angiogenesis through the focal adhesion kinase (FAK)/Akt/NF-κB signal pathway in M2 macrophage. Finally, the in vivo CAM assay and xenograft tumor angiogenesis model shows that macrophage enhanced PCa angiogenesis and tumor growth. In conclusion, these results indicate that CCN3 serves as regulator of TAMs to promote angiogenesis in tumor environment.

Materials and methods

Cell culture

    All the cell lines were obtained from American Type Culture Collection (ATCC; Manassas, VA, USA). PCa cells were maintained at 37 °C in a 5% CO2 in an RPMI-1640 medium supplemented with 20 mM of HEPES, 10% FBS, 2 mM of glutamine, antibiotics penicillin and streptomycin (Invitrogen, Carlsbad, CA). Murine RAW 264.7 cells, a mouse macrophage cell line, were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS, antibiotics penicillin and streptomycin. The media were changed every 48 h. 
    The endothelial progenitor cells (EPCs) culture protocol was approved by the Institutional Review Board of Mackay Medical College, New Taipei City, Taiwan (reference number: P1000002), and all subjects gave informed written consent before enrollment in this study. The peripheral blood (80 ml) was collected from healthy donors, and the peripheral blood mononuclear cells (PBMCs) were fractionated from other blood components by centrifugation on Ficoll-Paque plus (Amersham Biosciences, Uppala, Sweden) according to the manufacturer’s instructions. CD34-positive progenitor cells were obtained from the isolated PBMCs using CD34 MicroBead kit and MACS Cell Separation System (Miltenyi Biotec, Bergisch Gladbach, Germany). The maintenance and characterization of CD34-positive EPCs were performed as described previously 
 ADDIN EN.CITE 
(28)
. Briefly, human CD34-positive EPCs were maintained and propagated in MV2 complete medium consisting of MV2 basal medium and growth supplement (PromoCell, Heidelberg, Germany), supplied 20% defined FBS (HyClone, Logan, UT). The cultures were seeded onto 1% gelatin-coated plasticware and maintained at 37°C in a humidified atmosphere of 5% CO2.
    To establish the CCN3 knockdown PCa cell line, the CCN3 shRNA lentiviral vector, Neg shRNA vector and lentiviral expression vectors was purchased from National RNAi Core Facility Platform (Taipei, Taiwan). A target sequence (CCAGAGCAGCCAACAGATAAG) was designed for CCN3 shRNA. Lentiviruses were prepared according to the standard protocol. PC3 cells were seeded in the 6 well dish, and infected with lentivirus (multiplicity of infection = 10) in media containing polybrene (8 μg/ml). After 24 h postinfection, the culture medium was changed. After 48 hours later, Neg shRNA and CCN3 shRNA-expressing cells were selected by puromycin (1 mg/ml). Surviving cells were picked and expanded to make clonal cell populations.

Immunohistochemistry (IHC)
Upon approval by the local ethics committee, specimens of PCa tissue and normal tissue were obtained from patients, who had been pathologically diagnosed with PCa and (? normal tissue) had undergone surgical resection at Taichung Veterans General Hospital. The 5-µm sections of paraffin-embedded tissue on glass slides were rehydration, incubation in 3% hydrogen peroxide to block endogenous peroxidase activity, and sections were blocked by incubation in 3% BSA in PBS. The primary antibody monoclonal mouse anti-human CD206 antibody was applied to the slides at a dilution of 1:50 and incubated at 4 °C overnight. After 3 washes in PBS, the samples were treated with goat anti-mouse IgG biotin-labeled secondary antibodies at a dilution of 1:50 and bound antibodies were detected using an ABC Kit (Vector Laboratories, Burlingame, CA, USA). The slides were stained with chromogen diaminobenzidine, washed, counterstained with Delafield's hematoxylin, dehydrated, treated with xylene, and mounted.
Transwell migration assay

    The migration assay was performed using Transwell inserts (Costar, NY; 8-mm pore size) in 24-well dishes. Before the migration assay, RAW264.7 cells were pretreated for 30 min with different concentrations of inhibitors (FAKi, Akti, PDTC, or TPCK) (Sigma-Aldrich, St. Louis, MO, USA) or vehicle control (0.1% DMSO). 1 × 104 RAW264.7 cells in 200 µl of serum-free medium was seeded in the upper chamber, and 300 µl of the same medium containing different concentrations of CCN3 (R&D Systems, Minneapolis, MN, USA) were placed in the lower chamber. Each experiment was performed in triplicate and repeated at least three times.
Adhesion assay

    The adhesion of the RAW264.7 cells to PC3 cells was performed as previously described 
 ADDIN EN.CITE 
(29)
 . PC3 (4 × 105) monolayer cells at 24-well dishes were stimulated with different concentrations of CCN3 for 24 h, and the RAW264.7 cells (1×104 cells) were labeled with 0.1 µg/ml BCECF-AM (Calbiochem) then placed on PC3 monolayer, and allowed to adhere for 30 min. Nonadherent cells were removed by PBS wash. The adherent cells were counted with a Leica TCS SP2 Spectral Confocal System (Leica, Wetzlar, Germany) as soon as possible. 

Preparation of conditioned media

PCa cells (PC-3, DU145, and LNCaP) and RAW264.7 cells (2×106) were grown overnight in 100-mm culture dishes. After washing with PBS, cells were incubated in 1% FBS in RPMI medium for 48 h, and conditioned medium (CM) was collected. To normalize for differences in cell density due to proliferation during the culture period, cells from each plate were collected and total DNA content/plate was determined (spectrophotometric absorbance, 260 nm). The CM was then normalized for DNA content between samples by adding RPMI medium.

Western blot analysis

Cell lysates were collected and proteins were resolved by SDS-PAGE. The proteins in SDS-PAGE was transferred (400 mA) to PVDF membranes (EMD Millipore Corporation, MA, USA), after 2 h the membrane were blocked with 4% BSA for 1 h at room temperature and hybridized with rabbit anti-human antibodies against p-FAK, FAK, p-Akt, Akt, p-p38, p38, p-IKK, IKK, p-IκBα, IκBα, p-p65, p65, VEGF, VCAM, CCN3 or β-actin (Santa Cruz Biotechnology) at a 1:2000 concentration for 1 h at room temperature. The membrane was washed 10 min for 3 times and incubated with peroxidase-conjugated donkey anti-rabbit secondary antibody at a 1:2000 concentration for 1 h at room temperature. The membrane was visualized with enhanced chemiluminescence using X-OMAT LS film (Eastman Kodak, Rochester, NY, USA).

Quantitative real-time PCR 

Total RNA was extracted from PCa cells using a TRIzol kit (MDBio, Taipei, Taiwan) and reverse transcription was performed using 1 μg of total RNA. Quantitative real-time PCR (qPCR) was conducted using a TaqMan One-step PCR Master Mix Kit (Applied Biosystems, CA, USA). Total cDNA (100 ng) was added to each 25-μl reaction with sequence-specific primers and TaqMan probes. All target gene primers and probes were purchased commercially, including those for GAPDH (Applied Biosystems), which was used as an internal control. qPCR was conducted in triplicate using the StepOnePlus Sequence Detection System (Applied Biosystems).

Enzyme-linked immunosorbent assay

RAW264.7 (2×104) cells were pretreated for 30 min with different concentrations of inhibitors (FAKi, Akti, PDTC, or TPCK) or vehicle control (0.1% DMSO). Then, cells were incubated in CCN3 (0 to 100 ng/ml) for 24 h at 37 °C. After incubation, the medium was removed and stored at −80°C until assay of VEGF using enzyme immunoassay kits according to the procedure described by the manufacturer (Biocompare, San Jose, CA, USA).

Immunofluorescence

    RAW264.7 cells were grown on glass cover-slips. Cultures were rinsed once with PBS and fixed for 10 min at room temperature in 3.7% paraformaldehyde. Cells were then rinsed three times with PBS. After blocking with 4% BSA for 15 min, cells were hybridized with rabbit anti-mouse p65 (1:100) for 1 h at room temperature. Cells were then washed again and labeled with FITC goat anti-rabbit IgG for 1 h. Finally, cells were washed, mounted, and examined with a Leica TCS SP2 Spectral Confocal System (Leica, Wetzlar, Germany).

Luciferase reporter assay

    The PC3 cells were transfected with NF-κB reporter plasmid by Lipofectamine 2000 according to the protocol. Twenty-Four hours after transfection, the cells were treated with inhibitors for 30 min and then CCN3 or vehicle was added for 24 h. Cell extracts were then prepared, and luciferase and β-galactosidase activities were measured.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed as described 
 ADDIN EN.CITE 
(30)
. DNA was immunoprecipitated using an anti-p65 antibody, then extracted, purified, and resuspended in H2O. Immunoprecipitated DNA was amplified by PCR using the following primers: 5(-GGGGTCACTCTAGTTGTCCCTATCCT-3( and 5(- CCTAGGCCACTACCGCGAAATG-3( 
 ADDIN EN.CITE 
(31)
. PCR products were resolved by 1.5% agarose gel electrophoresis and visualized by UV light.

Tube formation

    Matrigel (BD Biosciences, Bedford, MA) was dissolved at 4°C 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) in 100 µl cultured media which including 50% EGM-MV2 media and 50% macrophage CM that was treated with CCN3 (30 ng/ml). VEGF (20 ng/ml) or culture medium were used as positive control and negative control. After 6 h of incubation at 37°C, EPCs tube formation was assessed with a photomicroscope, followed which each well was photographed at × 200 magnification under a light microscope. Tube branches and total tube length were calculated using MacBiophotonics Image J software.
Chick chorioallantoic membrane (CAM) assay

    Angiogenic activity was determined using a CAM assay as described previously 
 ADDIN EN.CITE 
(32)
. Briefly, fertilized chicken eggs (5 eggs/group) were incubated at 37°C in an 80% humidified atmosphere. On the developmental day 8, PC3 Neg cells (2 × 106 cells), PC3 shCCN3 (2 × 106 cells), RAW 264.7 (2 × 105 cells) alone or the mixture of PC3 Neg, PC3 shCCN3 with RAW264.7 cells were suspended in Matrigel (BD Bioscience) and seeded in the center of chick chorioallantoic. CAM results were analyzed on the fourth day. Chorioallantoid membranes were collected for microscopy and photographic documentation. Angiogenesis was quantified by counting the number of blood vessel branch. All animal works were done in accordance with a protocol approved by the China Medical University (Taichung, Taiwan) institutional animal care and use committees.
In vivo tumor xenograft study

    4 weeks old male SCID mice were purchased from the Lasco (Taipei, Taiwan), and they were maintained in pathogen-free conditions. PC3 (1 × 106 cells), PC3 shCCN3 (1 × 106 cells) alone or the mixture of PC3 Neg or PC3 shCCN3 with RAW264.7 cells (1 × 105 cells) were injected subcutaneously into the flanks of SCID mice. 28 days after injection, mice were sacrificed and the tumor weight was determined. For histological observation of tumor, tumor specimens were removed, fixed using 4% paraformadehyde in PBS for more than 72 h, dehydrated in increasing concentrations of ethanol, and embedded in paraffin. Serial histological sections of 5-μm thickness were cut longitudinally and stained with VEGF (1:50) (Abcam, Cambridge, MA, USA) and CD31 (1:100) (Epitomics, Burlingame, CA, USA) antibodies at 4 °C for overnight. After 3 washes in PBS, the samples were treated with goat anti-mouse IgG biotin-labeled secondary antibodies at a dilution of 1:50 and bound antibodies were detected using an ABC Kit (Vector Laboratories, Burlingame, CA, USA). The slides were stained with chromogen diaminobenzidine, washed, counterstained with Delafield's hematoxylin, dehydrated, treated with xylene, and mounted. All mice were manipulated in accordance with Animal Care and Use Guidelines of the China Medical University (Taichung, Taiwan) under a protocol approved by the Institutional Animal Care and Use Committee.
Statistical analysis

Data are presented as mean ± standard error of the mean (SEM). Statistical analysis between 2 samples was performed using the Student’s t test. Statistical comparisons of more than 2 groups were performed using one-way analysis of variance with Bonferroni’s post-hoc test. In all cases, a P value of less than 0.05 was considered an indication of statistical significance.

Results

PCa-secreted CCN3 increases CD206-positive M2 macrophage infiltration in tumor microenvironment
     The previous study indicated that TAMs were described as M2 phenotype and increased tumor progression 6()
. To elucidate the macrophage which infiltrated to tumor were M2 polarized, CD206 (M2 macrophage marker) antibody was utilized for IHC in PCa specimens and adjacent normal tissues. In 21 PCa specimens, large amounts CD206+ macrophages were infiltrated to tumor stroma, but not adjacent normal tissues (fig. 1a and 1b). In our previously study, CCN3 expression is positively correlated with malignancy in human PCa cells and increases metastasis 25()
. Therefore, we suggest that CCN3, a prostate tumor-secreted factor, could attract macrophage infiltration in PCa. The IHC results showed that strong CCN3 staining in tumor are related to more macrophage infiltration (fig. 1a). The results suggested that PCa-derived CCN3 maybe affect M2 macrophage infiltration in tumor microenvironment. Moreover, to clarify whether CCN3 affects macrophage infiltration in PCa cells, a Transwell assay was performed. The result showed that treatment with CCN3 (0-100 ng/ml) obviously increase RAW264.7 macrophage migration in a dose-dependent manner (fig. 1c). To examine the role of PCa-secreted CCN3 in macrophage infiltration in tumor environment, the PCaCM was prepared and applied to Transwell assay. The results showed that all PCaCM induced RAW264.7 migration, and the macrophage migration ability was correlated with the CCN3 expression level in the respective PCa cell line that was described before 25()
 (fig. 1d)  (PZ cell did not mention). Furthermore, the PC3 CM induced macrophage migration could be abolished by pretreatment with the CCN3 neutralizing antibody (fig. 1e). Previous results discuss that the macrophage could adhere to tumor cells and be activated through tumor-macrophage interaction 
 ADDIN EN.CITE 
(33-35)
. We, therefore, supposed that tumor cell not only recruited macrophages, but also keep macrophages retaining in tumor microenvironment. Incubation of PCa cells with CCN3 (0-100 ng/ml) markedly increased macrophage adhesion to PCa cells (fig. 1d, 1e). In summary, the results showed that tumor-secreted CCN3 increased macrophage infiltration and adhesion to PCa microenvironment. 

PCa derived-CCN3 polarizes innate RAW264.7 macrophage to M2 macrophage
    TAMs are often characterized as M2 macrophage in tumor microenvironment 
 ADDIN EN.CITE 
(6,7)
. Several M2 macrophage markers, for example: CD204, CD206, mannose receptor C (Mrc) and arginase (Arg), are defined in the previous reports 
 ADDIN EN.CITE 
(36-38)
. RAW264.7 macrophages were described as an innate macrophage and could differentiate to M1 or M2 macrophages in previous observation 39()
. We next examined whether tumor secreted-CCN3 promotes innate RAW264.7 to M2 macrophage, and the M2 macrophage markers were examined. Treatment of innate RAW264.7 macrophage with CCN3 (0 - 30 ng/ml) or PC3 CM potently increased the expression of M2 macrophage markers (CD204, CD206, IL-4R, Arg and MRC; IL-4 plus IL-13 treatment was used as positive control) (fig. 2a-d). The expression pattern of inflammatory cytokines is an important characteristic in macrophage polarization. Many pro-inflammatory cytokines were secreted by M1 macrophage, including TNF-α, IL-1β and IL-6 40()
. As expected, CCN3 (30 ng/ml) and PC3 CM did not increase the expression of M1 macrophage-secreted inflammatory cytokines (TNF-α, IL-1β and IL-6; LPS plus IFN-( treatment was used as positive control) (fig. 2e-g). Taken together, these results revealed that PCa-secreted CCN3 could polarize innate RAW264.7 macrophage to M2 phenotype.  

CCN3 skews LPS-treated RAW264.7 macrophage from M1 to M2 phenotype and inhibits LPS-induced inflammatory cytokines expression

    Macrophage polarization between M1 and M2 phenotype is a crucial mechanism which regulates inflammatory response, and previously observation shows that treatment with LPS plus IFN-( polarizes macrophage to M1 phenotype and this polarization is reversible 
 ADDIN EN.CITE 
(36)
. We therefore, explored whether CCN3 could affect M1 macrophage polarization after LPS plus IFN-( treatment. We found that treatment with LPS plus IFN-( attenuated M2 macrophage markers expression in innate RAW264.7 macrophages, and pretreatment with CCN3 obviously reversed the LPS/IFN-(-attenuated M2 macrophage marker expression (fig. 3a-d). In contrast, pretreatment with CCN3 markedly abolished M1 macrophage markers expression which was induced by LPS/IFN-( treatment (fig. 3e-g). The above results indicated that CCN3 skewed LPS/IFN-(-treated RAW264.7 macrophages polarization from M1 to M2 phenotype. In addition, the shift of macrophage phenotype could alter pro-inflammatory cytokines expression and subsequently suppress the immune response that is elicited in tumor microenvironment.
CCN3 increases VEGF expression and regulates angiogenesis in RAW264.7 macrophage

    Previous study indicates that TAMs could regulate angiogenesis in tumor environment through angiogenic factor VEGF production 
 ADDIN EN.CITE 
(11-14)


[11]
. To clarify whether PCa-derived CCN3 could increase VEGF production and subsequently promotes angiogenesis in RAW264.7 macrophages, the VEGF expression was examined. All results disclosed that treatment of RAW264.7 macrophage with CCN3 (0 - 100 ng/ml) increased VEGF expression and secretion in a dose-dependent manner (fig. 4a-c). Previously study reveals that endothelial cells must undergo migration, proliferation, and tube formation to form new blood vessels in angiogenic processes 41()
. We then investigated whether CCN3 could induce VEGF-dependent angiogenesis in macrophage by using EPCs model in vitro. The EPC cells were cultured with control medium, or RAW264.7 CM which was treated with or without CCN3 (30 ng/ml). The RAW264.7 CM did not induce EPCs tube formation (fig. 4d and 4e). However, the CM collected from CCN3-treated RAW264.7 macrophage (as a M2 polarization macrophage) induced EPCs tube formation (the VEGF as positive control) (fig. 4d, 4e). These results suggested that CCN3 could regulate angiogenesis through VEGF production in TAMs that infiltrated to tumor microenvironment.
FAK/Akt/NF-κB signaling pathway is involved in CCN3-increased VEGF expression and angiogenesis in RAW264.7 macrophage
    CCN family elicits signaling pathways through integrin receptors on the cell surface 
 ADDIN EN.CITE 
(17,42)
. To identify the signal pathways that could regulate VEGF expression in RAW264.7 macrophage, we assessed the signaling pathways that were regulated by integrin receptors. The western blot showed that the phosphorylation of FAK, Akt, IKKα/β, IκBα, and NF-κB subunit p65 were increased in a dose-dependent manner after CCN3 treatment (fig. 5a). The NF-κB activation was further evaluated by the analysis of p65 translocation into the nucleus, ChIP assay, and NF-κB luciferase activity. Stimulation of RAW264.7 macrophage with CCN3 increased p65 translocation into the nucleus, p65 binding to NF-κB element on VEGF promoter, and NF-κB luciferase activity. The CCN3-induced p65 translocation, in vivo binding of p65 to the NF-κB element, and NF-κB luciferase activity were greatly reduced by the pretreatment with FAK inhibitor, Akt inhibitor, or NF-(B inhibitors (PDTC, and TPCK) (fig. 5b-5e). On the other hand, pretreatment of RAW264.7 macrophage with FAK inhibitor, Akt inhibitor, PDTC, and TPCK abolished CCN3-increaed VEGF expression (fig. 5h). Furthermore, CM from macrophage also demonstrated that FAK, Akt, and NF-(B inhibitors inhibited CCN3-mediated tube formation in EPCs. The results represented that CCN3-induced VEGF expression and angiogenesis was regulated by FAK/Akt/NF-κB signaling pathways in RAW264.7 macrophage.
PCa derived-CCN3 increases angiogenesis in RAW264.7 macrophages in vivo

    Our in vitro results revealed that PCa-secreted CCN3 skewed RAW264.7 macrophage to M2 phenotype and subsequently promoted angiogenesis. Therefore, we investigated whether PCa-secreted CCN3 could affect RAW264.7 macrophages and subsequently mediate VEGF-dependent angiogenesis in PCa microenvironment in vivo. For our purpose, the effect of PCa-secreted CCN3 on angiogenesis in vivo was evaluated by using the in vivo model of chick embryo CAM assay. The PC3 cells that stably express CCN3 shRNA (PC3 shCCN3) were selected and used to CAM assay, and empty vector plasmid was used as a negative control (PC3 Neg). The protein and mRNA expression level of CCN3 were inhibited in PC3 shCCN3 (fig. 6a, 6b). The PC3 Neg and PC3 shCCN3 mixed with or without RAW264.7 macrophages, were suspended in Matrigel and seeded on the CAM surface. As expected, the PC3 Neg plus RAW264.7 macrophages presented a significant enhance angiogenesis when compared with PC3 Neg cells alone in CAM. In contrast, PC3 shCCN3 plus RAW264.7 macrophages cells completely reduced angiogenesis in CAM (fig. 6c, 6d). Our results showed that PCa derived-CCN3 infiltrated RAW264.7 macrophages and subsequently increased angiogenesis in PCa microenvironment.
Knockdown of CCN3 expression in PCa inhibits RAW264.7-promoted angiogenesis and tumor growth in a mouse model

   Finally, we investigated whether the PCa secreted-CCN3 infiltrated RAW264.7 macrophage and subsequently mediated VEGF-dependent angiogenesis and tumor growth in mouse xenograft model. The PC3 Neg and PC3 shCCN3 cells mixed with or without RAW264.7 macrophages, were suspended in Matrigel and injected subcutaneously into SCID mice. We found that PC3 Neg plus RAW264.7 increased tumor growth when compared with PC3 Neg group (fig. 7a, 7c). In addition, knockdown of CCN3 expression in PC3 cells dramatically reduced RAW264.7-mediated tumor growth (fig. 7a, 7c). Furthermore, the PC3 Neg/RAW264.7 group apparently increased blood vessel growth than PC3 Neg, PC3 shCCN3 and PC3 shCCN3/RAW264.7 groups by analyzing the VEGF and CD31 expression levels (fig. 7b, 7d). Conclusively, these results indicated that CCN3, a PCa-secreted factor, increased TAM-promoted angiogenesis and tumor growth in tumor microenvironment in vivo.

Discussion

    CCN3 is a multifunctional cytokine that connects the signal between cell and ECM. Recently studies have improved the correlation between CCN3 and tumor progression in many cancers 
 ADDIN EN.CITE 
(19,20,43)
, and it has been discussed that CCN3 increases migration in PCa cells through ICAM-1 expression 44()
. Moreover, CCN3 promotes PCa bone metastasis by modulating the tumor-bone microenvironment 26()
. Macrophage is a highly plastic cells that will infiltrate to tumor environment, and may be educated by the tumor environment 45()
. Numerous reports have announced that tumor should be described as the complex microenvironment, not an individual cancer cells 46()
. In this study, we have demonstrated that PCa-secreted CCN3, an ECM regulator, could increase macrophage infiltration, M2 polarization and VEGF production in tumor microenvironment. We also found that CCN3 increased VEGF expression via the FAK/Akt/NF-κB signaling pathway. Moreover, knockdown CCN3 in PCa inhibits RAW264.7-promoted angiogenesis and tumor growth in vivo. In this study, we provided the data from clinical patients, in vitro cell experiment, and in vivo animal model. Our results indicated that PCa-secreted CCN3 educated innate macrophage toward M2 polarization and subsequently promoted VEGF-dependent angiogenesis in PCa microenvironment. 

    The microenvironment which surrounded the tumor is a critical regulator of tumorigenesis has become a general concept. It was first proposed in ‘seed and soil’ hypothesis which was brought up by Paget. Recent results indicate that the surrounding stromal and infiltration inflammatory cells have an important role in tumor progression 
 ADDIN EN.CITE 
(47,48)
. Among the inflammatory cells, macrophages are the major component which was founded in the tumor environment. Previous studies have discussed that plentiful macrophages infiltrated to the tumor margin in PCa 
 ADDIN EN.CITE 
(49,50)
. However, tumor-associated macrophage (M2 polarized macrophage) which promotes tumor invasion, proliferation and angiogenesis was not mentioned before. Our IHC result showed that increased CD206+ M2 macrophages infiltrated to the tumor margin in PCa specimens (fig. 1a, 1b). Moreover, CCN3 expression is correlated with M2 macrophages infiltration (fig. 1a). The data suggested that M2 polarized macrophage maybe attract by tumor-secreted CCN3 and interact with cancer cells in the tumor environment. Previous reports show that CCN3 serves as a chemoattractant and increases migration ability in many cells 
 ADDIN EN.CITE 
(22,25,42)
. However, whether CCN3 could attract macrophage migration have not been discussed before. We explored for the first time that CCN3 stimulated cell migration in RAW264.7 macrophage (fig. 1c). Moreover, the PCa CM-induced macrophage migration correlated with CCN3 expression pattern in PCa cells that has described before 25()
. The most malignant PCa cell line (PC3) had the highest CCN3 expression level and the most number of macrophage migration (fig. 1d). As expected, the PC-3 CM-induced macrophage migration was attenuated by pretreatment with CCN3 neutralize antibody (fig. 1e). We also assumed that the infiltration macrophage will stay in the tumor microenvironment, and our adhesion assay showed that CCN3 increase macrophage attachment to PC3 cells (fig. 1f, 1g). These results disclosed that tumor-secreted CCN3 attracted macrophage infiltration and adhesion to PCa.

    It is well established that an alternative activation (or "M2 polarized") macrophage infiltrates to tumor margin and modulate the tumor microenvironment through attenuating anti-tumor immune response, rearrangement of ECM and enhancing angiogenesis 
 ADDIN EN.CITE 
(8-10)
. Monocyte chemoattractant protein 1 (MCP-1, CCL2) is a crucial mediator that attracts macrophage infiltration and thus regulates PCa tumorigenesis has been well investigated 
 ADDIN EN.CITE 
(49,51,52)
. Therefore, the tumor-secreted factors could play a key role in M2 macrophage polarization and thus regulates tumor microenvironment. In our results, we figured out a novel secreted factor other than MCP-1 that could attract innate macrophage infiltration and polarized innate macrophage to M2 phenotype (fig. 2). Additionally, we found that CCN3 had the ability to skew innate macrophage from M1 to M2 phenotype. The shift from M1 to M2 macrophage inhibited pro-inflammatory cytokines expression and attenuates immune response (fig. 3). In conclusion, the PCa-secreted CCN3 educated innate macrophage toward M2 polarization and repressed immune response in tumor microenvironment.

    It is a general conception that angiogenesis is a crucial step in tumor growth and second metastasis. Numerous evidences reveal that TAMs play a critical role in modulating angiogenesis in the tumor environment 
 ADDIN EN.CITE 
(10-12)
. It has been improved that TAMs secrete abundant pro-angiogenic factors, for example: VEGF, TNF-(, IL-8, and bFGF 
 ADDIN EN.CITE 
(12-14)
. The CCN family is an extracellular signal regulator that has been well established and mediates numerous cell biologic functions including angiogenesis 
 ADDIN EN.CITE 
(53)
. It has been reported that CCN3 serves as an angiogenic regulator in vivo 
 ADDIN EN.CITE 
(27)
. Here, we showed that PCa derived-CCN3 influenced RAW264.7 macrophages and subsequently increased VEGF-dependent angiogenesis (fig. 4). The finding in this study may help us to understand the relationship between increased TAMs infiltration and high level of angiogenesis in PCa that has been discussed before 
 ADDIN EN.CITE 
(54)
.

    CCN3 activates signal transduction pathways through binding to integrin receptors on the cell surface 
 ADDIN EN.CITE 
(17,42,44)
. In this report, we further clarified the downstream signaling pathways which were involved in CCN3-induced VEGF expression. The phosphorylation of FAK, Akt and NF-κB (IκB, IKKα/β and p65) were increased in a dose-dependent manner after CCN3 treatment (fig. 5a). In addition, pretreatment with the FAK and Akt inhibitors significantly reduced NF-κB subunit p65 translocation in the nucleus and in vivo binding of p65 to NF-κB element on VEGF promoter (fig. 5b, 5c). As we expected, the NF-κB reporter assay represented the crucial role of NF-κB transcription factor, too (fig. 5d, 5e). Moreover, pretreatment with the inhibitors of these signaling proteins was found to inhibit the CCN3-induced VEGF production and angiogenesis in RAW264.7 macrophage (fig. 5f-k). Transcription factor NF-κB presents a multifaceted role in TAMs regulation has been reviewed previously 55()
. Here, our evidences showed that NF-κB regulated CCN3-induced VEGF expression in RAW264.7 macrophage. These finding consisted with the previous opinion and we suggest that CCN3 maybe regulate M2 macrophage polarization through NF-κB activation, and we found that pretreatment with the pathway inhibitors abolished the CCN3-induced M2 polarization in RAW264.7 macrophage (Supplementary fig. s1). The unapprehended mechanism that involved in CCN3-skewed macrophage polarization will be investigated in the future.

    Finally, to confirm whether PCa-secreted CCN3 could affect macrophage and subsequently promoted angiogenesis in PCa microenvironment, we used chicken egg CAM model which represented angiogenesis in vivo. We found that PC3 Neg/RAW264.7 macrophages mixture increased greater vessel formation but not PC3 alone or PC3 shCCN3/RAW264.7 in CAM (fig. 6). To further understand whether PCa-secreted CCN3 could regulate macrophage-promoted angiogenesis, a xenograft tumor model was used. We found that PC3 Neg/RAW264.7 cells mixture dramatically induced tumor mass formation and angiogenesis. However, knockdown of CCN3 expression in PC3 cells reduced macrophages-mediated tumor mass formation and angiogenesis (fig.7). This in vivo result indicated that PCa-secreted CCN3 regulated macrophages-promoted angiogenesis in tumor environment.

    Our previous findings have showed that higher CCN3 expression in the malignant PCa cells and regulated cancer migration 25()
. Here, our findings reveal that PCa-secreted CCN3 serves as a chemoattractant and induces macrophage infiltration. However, CCN3 is a multifunctional cytokine which also regulates the other cell biological function. We find that tumor-secreted CCN3 skews macrophage from M1 to M2 phenotype. The shift of macrophage modulates tumor microenvironment into immunosupressive region which maybe impair anti-tumor responses. Moreover, we provide the evidence that CCN3 increases VEGF expression and regulates angiogenesis via FAK/Akt/NF-κB signaling pathway in macrophages. These results all indicate the PCa-secreted CCN3 modulates tumor microenvironment through TAMs infiltration. In recently years, TAMs have become a novel therapeutic target for solid tumors. In tumor microenvironment, the tumor-secreted factors which induce macrophage infiltration and regulate the functions of TAMs is equally important. CGTF, another member of the CCN family which is related to tumorigenesis, has been designed as a novel therapeutic target for the clinical treatment of pancreatic cancer, and is currently being investigated in a Phase I clinical trial 
 ADDIN EN.CITE 
(56,57)
. Finally, our results convince that CCN3 is a novel therapeutic target for the clinical treatment of PCa.
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Figure legends

Fig. 1 M2 Macrophage infiltration in human PCa specimens is related to CCN3 expression. (A) Representative IHC images of CD206+ macrophage and CCN3 in paraffin-embedded sections of normal prostate tissue and human PCa specimens. Macrophage infiltration was observed by IHC staining for CD206 in tumor region (right). (B) Quantification of CD206+ staining in PCa IHC results. The number of CD206+ macrophages was counted in five independent fields per section. (C) RAW264.7 cells were incubated with CCN3 (0, 10, 30, or 100 ng/ml) for 24 h, and in vitro migration was measured using the Transwell assay. (D) The conditioned medium (CM) from PC3, DU145, LNCaP, and PzHPV-7 cells were collected and loaded into the lower chamber, and in vitro migration was measured in RAW264.7 using the Transwell assay. (E) The conditioned medium (CM) of PC3 was collected and loaded into the lower chamber in the presence of neutralizing antibodies against CCN3 (1 μg/ml) or the isotype control, and in vitro migration was measured in RAW264.7 using the Transwell assay. (F) PC3 cells were incubated with CCN3 (0, 10, 30, or 100 ng/ml) for 24 h, the adhesion assays were carried out by RAW264.7 and the representative microscopy graphs were taken. (G) Quantification of adhesion RAW264.7 cells number per well in (F). Results are expressed as mean ± SEM of triplicate samples. In (B), *P < 0.05 compared to normal group. In (C, G), *P < 0.05 compared to control group. In (D, E), * P < 0.05 compared with control medium (DMEM); # P < 0.05 compared with PC3-CM treatment.

Fig. 2 CCN3 promotes M2 macrophage polarization in innate RAW264.7 macrophages. (A-D) CCN3 induces M2 macrophage markers expression in innate RAW264.7 macrophages. RAW264.7 macrophages were incubated with CCN3 (0, 10 or 30 ng/ml), PC3 CM and IL-4 (20 ng/ml)/IL-13 (20 ng/ml) as a positive control for 24 h. Total mRNA was extracted and CD204, CD206, Arg, Mrc expression levels were examined by qPCR. (E-G) CCN3 does not increase M1 macrophage pro-inflammatory cytokines expression in RAW264.7 macrophages. RAW264.7 macrophages were incubated with CCN3 (30 ng/ml), PC3 CM, LPS (50 ng/ml)/IFN-γ (20 ng/ml) and IL-4 (20 ng/ml)/IL-13 (20 ng/ml) as the control for 24 h. Total mRNA was extracted and TNF-α, IL-1β, IL-6 expression levels were examined by qPCR. Results are expressed as mean ± SEM of triplicate samples. *P < 0.05 compared to control.

Fig. 3 Pretreatment with CCN3 skews LPS-treated RAW264.7 macrophage from M1 to M2 phenotype and inhibits LPS-induced pro-inflammatory cytokines expression. Innate RAW264.7 macrophages were pretreated with or without CCN3 (30 ng/ml) for 30 min, followed by stimulation with LPS (50 ng/ml)/IFN-γ (20 ng/ml) for 24 h. Total mRNA was extracted and CD204, CD206, Arg, Mrc, TNF-α, IL-1β, IL-6 expression levels were examined by qPCR. Results are expressed as mean ± SEM of triplicate samples. *P < 0.05 compared to control. # P < 0.05 compared with LPS/IFN-γ treatment.

Fig.4 CCN3 increases VEGF expression and regulates angiogenesis in RAW264.7 macrophage. (A) RAW264.7 macrophages were incubated with CCN3 (0, 10, 30, or 100 ng/ml) for 24 h, and VEGF mRNA level was measured by qPCR. (B) RAW264.7 macrophages were incubated with CCN3 (0, 10, 30, or 100 ng/ml) for 24 h and the cell lysates were collected. The level of VEGF in cell lysates was determined by western blot analysis. Anti-actin was used as a loading control. (C) Total protein secreted in medium was prepared from RAW264.7 macrophages that had been treated as described in (B) and VEGF secretion was examined by ELISA. (D) RAW264.7 macrophages were treated with or without CCN3 (30 ng/ml) and the CM of RAW264.7 macrophages were collect after 24 h. EPC cells were seeded onto Matrigel and incubated with RAW264.7 CM. After 6 h, the capillary-like structures formation in EPCs was photographed. VEGF (20 ng/ml) was used as a positive control. (E) Quantification of tube-like structure per filed in (F). Results are expressed as mean ± SEM of triplicate samples. *P < 0.05 compared to control.

Fig.5 CCN3 increases VEGF expression and angiogenesis via FAK/Akt/NF-κB signaling pathway in RAW264.7 macrophage. (A) RAW264.7 macrophages were incubated with with CCN3 (30 ng/ml) for the indicated times and phosphorylation of FAK, Akt, p38, IKKα/β, IκBα, and p65 was determined by western blot analysis. (B) RAW264.7 macrophages were pretreated for 30 min with FAKi (10 µM), Akti (1 µM), or vehicle (N), followed by stimulation with CCN3 (30 ng/ml) for 1 h. Cells were stained with anti-p65 antibody for immunofluorescence detection. Nuclei are counterstained with DAPI. Representative microscopy graphs were taken with a confocal microscope. (C) RAW264.7 macrophages were treated as figure 5a description and the chromatin immunoprecipitation assay was then performed. Chromatin was immunoprecipitated with anti-p65 antibody. One percentage of the precipitated chromatin was assayed to verify equal loading (input). (D) RAW264.7 macrophages were transfected with an NF-κB promoter reporter plasmid for 24 h, then incubated with CCN3 (0, 10, 30, or 100 ng/ml) for 24 h and luciferase activity was measured. (E) PC-3 cells were transfected with an NF-κB promoter reporter plasmid for 24 h, pretreated with FAKi (10 µM), Akti (1 µM), PDTC (10 µM), or TPCK (1 µM) for 30 min, followed by stimulation with CCN3 (30 ng/ml) for 24 hr, and luciferase activity was measured. (F) RAW264.7 macrophages were pretreated with FAKi (10 µM), Akti (1 µM), PDTC (10 µM), or TPCK (1 µM) for 30 min, followed by stimulation with CCN3 (30 ng/ml) for 24 hr. Total mRNA was extracted and VEGF expression was examined by qPCR. (G) RAW264.7 macrophages were transfected with dominant-negative (DN) mutant FAK, Akt, IKKα or IKKβ for 24 h, followed by stimulation with CCN3 (30 ng/ml) for 24 h. N represents a control transfection. Total protein secreted in medium was prepared from RAW264.7 macrophages and VEGF secretion was examined by ELISA. (H,I) RAW264.7 macrophages were treated as described in (E,F), the VEGF mRNA levels and protein secretion were determined by qPCR and ELISA respectively. (J,K) RAW264.7 macrophages were pretreated with FAKi (10 µM), Akti (1 µM), PDTC (10 µM), or TPCK (1 µM) for 30 min followed by stimulation with CCN3 (30 ng/ml) for 24 h. The medium was collected as CM and then applied to EPCs for 6 h. VEGF (20ng/ml) was used as a positive control. The capillary-like structures formation in EPCs was photography and examined per field. Results are expressed as mean ± SEM of triplicate samples. *P < 0.05 compared to control. # P < 0.05 compared with CCN3 treatment.

Fig.6 PCa-secreted CCN3 increases angiogenesis in RAW264.7 macrophage in vivo. (A,B) The protein and mRNA expression of CCN3 in PC3 Neg and PC3 shCCN3 stable cells was examined by western blotting and qPCR. (C) PC3 Neg, PC3 shCCN3 cells and RAW264.7 macrophages alone or the mixture of PC3 Neg, PC3 shCCN3 cells with RAW264.7 cells were suspended in Matrigel and seeded onto the chick chorioallantoic membrane. On the developmental day 12, the CAM arterious branches in each treatment group were photographed. (D) Quantification of the branches number in CAM assay. Results are expressed as mean ± SEM of triplicate samples. *P < 0.05 compared to control.

Fig.7 Knockdown of CCN3 in PCa inhibits RAW264.7-promoted angiogenesis and tumor growth in a mouse model. (A) PC3 Neg and PC3 shCCN3 cells mixed with or without RAW264.7 macrophages, were suspended in Matrigel and injected subcutaneously into SCID mice. After 28 days later, the mice were sacrificed. (B) The represent capillaries (the black arrow) in the tumor were photograph (C) Quantification of tumor weight in figure 7a. (D, E) Representative IHC images of VEGF and CD31 in paraffin-embedded sections of tumors described in figure 7a.

