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RECK in Osteosarcoma A Novel Role in Tumour Vasculature and Inhibition of Tumorigenesis in an Orthotopic Model Jonathan C. M. Clark, MBBS1,2; Toru Akiyama, PhD1,2; David M. Thomas, PhD3; Agatha Labrinidis, PhD4; Andreas Evdokiou, PhD4; Stuart J. Galloway, MBBS5; Han-Soo Kim, MD6; Crispin R. Dass, PhD1; and Peter F. M. Choong, MD1,2,3



BACKGROUND: Targeted therapy in osteosarcoma (OS) is needed to improve patient outcomes. Human RECK may have a role because it inhibits cancer invasion and regulates angiogenesis. This study aimed to characterize RECK expression in human OS, to examine in vitro effects of RECK on vascular endothelium and OS cell behavior, and to analyze the effect of RECK on OS grown orthotopically in nude mice. METHODS: RECK was examined in human OS samples. Interactions between RECK and VEGF were studied in tissue and cells. RECK transfection was used to study its effects on vascular endothelial (HMEC-1) and OS (SaOS-2) cell behavior in vitro and in vivo. SaOS-2 co-culture with RAW 246.7-derived osteoclasts on osteoslides was used to assess effects on osteoclast activity. RESULTS: RECK was absent from OS cells but was expressed in tumor vessel endothelium. Via microarray analysis, RECK mRNA was elevated in samples with low proliferative activity, a trend most evident in poorly differentiated samples. VEGF induced RECK expression in HMEC-1. RECK transfection inhibited HMEC-1 invasion and induced thicker, although more numerous, tube formation. RECK inhibited SaOS-2 invasion, proliferation, colony formation, and osteoclast activity but supported SaOS-2 adhesion to collagen I. In vivo, RECK inhibited SaOS-2 tumor growth, bone destruction, and consequent metastasis. CONCLUSIONS: RECK expression is downregulated in highly proliferative OS but is present in tumor vessels and upregulated in endothelium by VEGF. RECK inhibits invasion and tumorigenic properties C 2011 in SaOS-2, as confirmed in vivo. Further testing of RECK delivery in OS is warranted. Cancer 2011;117:3517–28. V American Cancer Society. KEYWORDS: osteosarcoma, RECK, matrix metalloproteinases, VEGF, angiogenesis.



Osteosarcoma (OS) is the most common malignant primary bone tumor, with treatment consisting of chemotherapy, and wide-margin surgery. Survival has not improved since the introduction of chemotherapy in the 1970s, with a current 5-year survival rate1 of 65% and significant chemotherapy-related toxicity.2 Therefore, tumor-selective therapies in OS are required. Reversion-inducing cysteine-rich protein with Kazal motifs (RECK) is a membrane-bound protein associated with improved prognosis in cancers, but it is commonly downregulated.3 RECK supports extracellular matrix and organogenesis by controlling matrix metalloproteinases.4 Preliminary in vitro findings indicate inhibition of OS cell invasion.5 However, there are limited data on the pattern of RECK expression in human OS, its relation to prognosis, or the potential for RECK therapy in OS in vivo. This study addresses these areas, building upon previous in vitro studies.5 RECK inhibits cancer progression by limiting metalloproteinase-mediated invasion and angiogenesis.4 RECK target proteins, MT1-MMP, MMP-2, and MMP-9 breakdown collagen within matrix. Collagen preservation maintains vesselwall integrity and may limit tumor angiogenesis.4 The present study identified RECK expression patterns in human OS to assess the need for restoring RECK. In vitro studies were used to examine interactions between RECK and VEGF and then to assess RECK overexpression effects on Corresponding author: Peter F. M. Choong, MD, Department of Orthopaedics, St Vincent’s Hospital, Third Floor Daly Wing, 35 Victoria Pde, Fitzroy, Victoria, Australia 1 Department of Orthopedics, St Vincent’s Hospital, University of Melbourne, Melbourne, Australia; 2Department of Surgery, St Vincent’s Hospital, University of Melbourne, Melbourne, Australia; 3Sarcoma Service, Peter MacCallum Cancer Institute, Melbourne, Australia; 4Department of Orthopedics, Royal Adelaide Hospital, Adelaide University, Adelaide, Australia; 5Department of Anatomical Pathology, St Vincent’s Hospital, Melbourne, Australia; 6Department of Orthopedic Surgery, Seoul National University College of Medicine, Seoul National University Hospital, Seoul, Korea
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the behavior of human vascular endothelium, OS cells, and osteoclasts. Finally, the effect of RECK overexpression on tumor growth, bone destruction, and spread of human OS in a mouse model was determined.



MATERIALS AND METHODS Clinical Sample Immunohistochemistry (IHC) The study of human OS tissue was approved by the St Vincent’s Hospital Ethics Committee. Tissue blocks from 14 primary high-grade osteosarcomas (7 core biopsy, 7 resection specimens), and 2 lung metastases were acquired. Five-micrometer sections were deparaffinized and rehydrated in ethanol. Tris/EDTA solution at 95 C enabled antigen retrieval. Endogenous peroxidase activity was eliminated with 0.3% hydrogen peroxide. A 10% serum (corresponding to the secondary antibody) was used to block samples. Antibodies to RECK (R&D Systems, Minneapolis, Minn), MMP-2, MMP-9, CD34, and smooth muscle actin (SMA) (Santa Cruz Biotechnology, Santa Cruz, Calif) were applied overnight at 4 C. Biotinylated secondary antibodies (DakoCytomation [Carpinteria, California]; Dako, Glostrup, Denmark) were applied, followed by avidin and biotinylated horseradish peroxidase (Vector Laboratories, Burlingame, Calif). Diaminobenzidine (Sigma-Aldrich, St Louis, Mo) was used as a chromogen with light hematoxylin counterstaining. RECK staining in OS was compared with normal bone or nontumor-bearing lung tissue in 10 samples. Two researchers, experienced in immunohistochemistry, reviewed the slides. RECK expression in OS cells and tissue was graded as either positive (clear evidence of brown precipitate regardless of the staining strength) or negative (no evidence of staining in OS cells). RECK Gene Expression in Clinical Samples An array dataset comprising 30 primary OS samples6 was provided by Dr. D. Stephan (The Institute for Genome Research [TIGR], Phoenix, Ariz). This data set was generated on Affymetrix U95Av2 arrays (Affymetrix, Santa Clara, Calif) and used to quantify the relation between RECK gene expression and tumor proliferation index or differentiation.7 These gene cassettes were generated from genes selected for their role in proliferation or differentiation.6 Cell Lines The human microvascular endothelial cell line (HMEC1; Centers for Disease Control and Prevention, Atlanta,
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Ga) was cultured in MCDB131 medium (Invitrogen, Carlsbad, Calif) supplemented with 10 ng/mL of epidermal growth factor (Sigma-Aldrich) and 1 lg/mL hydrocortisone (Sigma-Aldrich). In 6-well plates, HMEC-1 was exposed to 50 ng/mL rhVEGF-A165 (R&D Systems, Minneapolis, Minn) in MCDB131 for 72 hours to test effects on RECK expression. Human OS cell lines, SaOS2, U2OS, and 143B (American Type Culture Collection, Rockville, Md) were grown in a-MEM, DMEM, and 2 mM L-glutamine, 1mM pyruvate, and 1 nonessential amino acids (Invitrogen), respectively. Cell lines were used within 15 passages and were determined to be >95% viable with trypan-blue staining. The mouse monocyte cell line, RAW 246.7 (donated by Professor T. J. Martin, St Vincent’s Institute, Melbourne, Australia) was grown in a-MEM. All media included 10% fetal calf serum (FCS) and 1% antimicrobials. RECK Transfection A RECK plasmid was combined with Lipofectamine (Invitrogen) to transfect HMEC-1 and SaOS-2 cells for a duration of 48 hours according to the manufacturer’s guidelines. Vector-transfected (pCMV-b), and nontransfected HMEC-1, or SaOS-2 cells were used as controls. To determine the proportion of cells (SaOS-2 or HMEC-1) transfected with RECK, immunocytochemistry was performed for RECK according to a previously described method.8 In addition to the cell total, strongly positive cells for RECK in central 100 fields were counted and expressed as the percentage of RECKpositive cells. For SaOS-2, the average proportions of positive cells were 23.5% (pRECK), 7.8% (vector), and 6.3% (control). There was a difference between pRECK and both vector and control RECK expression (P < .05). On immunocytochemistry for RECK-transfected HMEC-1, we found that vector-transfected, and nontransfected controls demonstrated no detectable RECK expression. pRECK-transfected cells overexpressed RECK at an average rate of 4% of cells. RT-PCR RNA was extracted and amplified according to methods previously described.9 A human RECK primer was used with forward sequence (5-30 ) TGGAAAATTATTGC GCCTCT and reverse sequence (50 -30 ) CCTCGATGAGACCATCAACA. A human GAPDH primer with forward sequence (5-30 ) GCAGGGGGGAGCCAAAAG
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GG and reverse sequence (50 -30 ) TGCCAGCCCCAG CGTCAAAG was also used for normalization. Western Blot Analysis Cell protein was extracted with RIPA buffer (150 nM NaCl, 50 nM Tris pH 8.0, 1 mM EDTA, 0.1% SDS, and 1% Triton X-100) and a protease inhibitor cocktail (Roche, Mannheim, Germany). Samples combined with NuPAGE LDS sample buffer (Invitrogen) were separated on 4%-12% Bis-Tris NuPAGE gels (Invitrogen) and transferred to PVDF membranes (Invitrogen). Antibodies to human RECK (R&D Systems) MMP-2, MMP-9, VEGF, and GAPDH (Santa Cruz Biotechnology) were applied. Bands were observed by using secondary antibodies conjugated with HRP and a chemiluminescent kit (ECL detection reagent; Amersham Pharmacia Biotech, Uppsala, Sweden). Gelatin Zymography Equal cell numbers from RECK-transfected or control groups were seeded in 6-well plates, grown to 80% confluence, and incubated in serum-free medium for 24 hours. One mL of medium was removed and centrifuged at 400 g for 5 minutes. Equal quantities of protein confirmed on protein assay (Pierce Biotechnology, Rockford, Ill) were loaded onto Novex 10% gelatin gels (Invitrogen). After electrophoresis, gels were incubated in renaturing and developing buffers (Invitrogen), stained with 0.1% Coomassie brilliant blue, and destained in 7.5% acetic acid and 10% ethanol. Gel images were obtained with a Bio-Rad Universal Hood II, and Quantity 1 software (Bio-Rad Laboratories, Hercules, Calif).



were added to wells of a 96-well plate, coated with 100 lL of 100% Matrigel (BD Biosciences, Franklin Lakes, NJ). Images were acquired of HMEC-1 tubelike structures during a period of 8 hours. Three representative highpower fields were photographed from each well. The thickest section of tube-formation wall from each photograph was selected by eye, measured manually, and then averaged for each study group. Collagen I Adhesion Assay A 96-well plate coated with 50 lL of 0.2% collagen I (BD Biosciences) was incubated for 1 hour at 37 C. To each well, 2500 cells were added in 100 lL volume of a-MEM. The plate was incubated for 1 hour at 37 C in 5% CO2. Wells were washed twice in phosphate-buffered saline (PBS) to remove nonadherent cells. Adherent cells in 3 random fields were counted at 200 magnification using a Nikon Eclipse TE2000-U microscope (Nikon, Tokyo, Japan) and photographed with SPOT Advanced software (Diagnostic Instruments, Sterling Heights, Mich). Proliferation Assay SaOS-2 cells (RECK, vector, or control) suspended in 100 lL of a-MEM were added to a 96-well plate (500 cells/well in quadruplicates). After 48 hours, wells were washed in PBS to remove dead cells. Cells were fixed in methanol, incubated in 1.5 lM propidium iodide for 15 minutes and washed twice in PBS. The central field of each well was photographed at 20 magnification, and cells (fluorescing red under a Y-2E/C filter) were counted using ImageJ software (National Institutes of Health, Bethesda, Md).



Invasion Assays For the invasion assay using HMEC-1 and SaOS-2, the protocol of Dass et al9 was used with minor modifications. Invading SaOS-2 were stained with hematoxylin, and then absorbance at 570 nm was performed on chamber membranes with a model 680 microplate reader and Microplate Manager software (Bio-Rad). Results were validated with a standard curve that plotted absorbance against known cell numbers. HMEC-1 cells invading through matrigel were photographed at 100 magnification, and cells were counted using ImageJ software (National Institutes of Health, Bethesda, Md).



Colony Formation Assay Based on a method by Luu et al,10 wells of a 24-well plate were coated with type I collagen (BD Biosciences) at a concentration of 1.69mg/mL in 2  a-MEM, supplemented with 10% FCS and 0.75% NaHCO3. To each well, a top layer of collagen I gel, containing 2000 suspended SaOS-2 cells (RECK, vector, or nontransfected) was added. a-MEM was layered over this to prevent desiccation. The plate was incubated at 37 C and 5% CO2. Colonies with greater than 10 cells were counted manually at day 5.



HMEC-1 Tube Formation Assay HMEC-1 cells (2.5  104 in 100 lL of complete medium) transfected with RECK, vector, or untransfected



Osteoclast Activity Assay SaOS-2 cells (transfected as previously described) were seeded on osteologic slides (BD Biosciences) at a density
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Figure 1. Clinical samples of human osteosarcoma (OS) are shown. (A) In OS primary and lung metastasis tissue, tumor cells lacked RECK (white arrows). Intratumor blood vessels were RECK positive (black arrows). In normal bone, both vessels (black arrow) and osteocytes (white arrow) were RECK positive. (B) In mature vessels, RECK localized to endothelium, matching CD34, but not SMA. (C) RECK localized to intratumor capillaries (black arrow) lacking co-localized SMA (gray arrow), which only stained peripheral vessels (white arrow). (D) MMP-9 and MMP-2 in tumor vessels (black arrows) and OS cells (white arrows) are depicted. (E) For each grade of OS differentiation, RECK gene expression was higher in samples of low proliferation index. There was significantly higher RECK in poorly differentiated versus well differentiated samples. *P < .05 (low prolif vs high prolif). ^P < .05 (poor and inter diff vs well diff).
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of 1.0  104 per slide with a-MEM. On day 1, RAW 246.7 cells were added at a density of 6.5  103 cells per slide. On day 2, medium was changed to a-MEM with 200 ng/mL rhRANKL. By day 6, osteoclastlike cells formed, and 48 hours later, osteologic slides were treated with NH4OH for 10 minutes. Slides were rinsed in tap water. Pit formation area was calculated with ImageJ software.



In Vivo Model of OS RECK overexpression was examined in an orthotopic model9 approved by St Vincent’s Hospital Ethics Committee. Briefly, 2 104 transfected SaOS-2 cells were suspended in 10 lL of 50% Matrigel diluted in PBS and injected into the intramedullary canal of the left tibia (n ¼ 5 per study group). Tissue volume around the proximal tibia was measured at 3, 4, and 5 weeks with calipers in the mediolateral and anteroposterior planes11 and expressed as a ratio of the injected to the noninjected limb. Tibial radiographs were taken at 35 kV using a cabinet system (FaxitronCorp, McMinnville, Ore).



Micro-CT and Bone Volume Analysis Injected tibias were scanned using a SkyScan 1072 microcomputer tomography (CT) system (SkyScan, Aartselaar, Belgium) for bone volume (BV) analysis. Three-dimensional images were generated using Con-Beam Reconstruction and 3D Realistic visualization software (SkyScan). BV analysis was conducted with CTAn software (Skyscan) at selected longitudinal sections beginning at the growth plate and extending downward by 250-l CT cross-sections, each at a thickness of 17 lm.



Histology After fixing in 4% paraformaldehyde and decalcifying in 0.4M EDTA/PBS, limbs were processed and embedded in paraffin, sectioned at 5 lm, and stained with hematoxylin and eosin. Formalin-fixed, paraffin-embedded lungs were sectioned at 5 lm, and 40 sections from the middle third of each lung were evaluated for metastases.



Statistical Analysis A 1-tailed Student t test was used for analysis of cell-based assays. P values 
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