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Abstract

:

Background: Neuroblastoma is a common pediatric solid tumor with poor outcomes in high-risk patients. The identification of new therapeutic biomarkers is critical for the treatment of disease. Methods: An analysis of large publicly available datasets of tumor gene expression was performed. In vivo studies were performed to elucidate the role of contactin-1 (CNTN1) in tumor progression. Results: Expression of the glycoprotein CNTN1 is elevated in neuroblastoma compared to other tumor types. CNTN1 expression is higher in stage 1 and non-MYCN-amplified tumors, compared to more aggressive stage 4 and MYCN-amplified tumors. Moreover, high CNTN1 expression is associated with increased overall survival in neuroblastoma patients. In vivo studies demonstrate reduced metastasis in mice xenografted with CNTN1 knockout tumors compared to wildtype. Conclusions: The results of this study suggest that CNTN1 is a potential biomarker and therapeutic target in neuroblastoma. Further investigation of CNTN1 could have significant clinical implications for improving neuroblastoma treatment.
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1. Introduction


Neuroblastoma is a common extracranial pediatric solid malignancy, representing approximately 8% of all childhood cancers [1]. Despite advancements in treatment, the prognosis for high-risk patients remains unfavorable [2]. Although the oncogene MYCN plays a crucial role in neuroblastoma and is associated with poor outcomes, amplification is observed in less than 25% of tumors [3]. This emphasizes the need to identify new biomarkers that can serve as therapeutic targets.



Cell adhesion molecules (CAMs) are membrane glycoproteins that play a significant role in cell migration, proliferation, and differentiation [4,5]. Contactin-1 (CNTN1) is a CAM primarily found on neurons and glial cells in the central nervous system, which is physiologically involved in axonal growth and neuron development and differentiation [6]. CNTN1 has also been associated with advanced tumor stage, regional and metastatic disease, and reduced survival in multiple malignancies [7,8,9,10]. CNTN1 promotes invasion, migration, and metastasis through the epithelial–mesenchymal transition (EMT) [11]. In prostate cancer, CNTN1 downregulates E-cadherin, leading to enhanced invasion and xenograft tumor formation. Moreover, in thyroid cancer, knockdown of CNTN1 decreases tumor cell proliferation and invasiveness by reducing cyclin D1 expression [9,10].



In this study, we analyzed publicly available datasets and identified CNTN1 as one of the most significantly overexpressed genes in neuroblastoma tumors. Interestingly, CNTN1 expression was associated with improved outcomes and inversely correlated with MYCN amplification, suggesting a potential protective role. However, the precise role of CNTN1 in neuroblastoma remains incompletely understood, and its potential as a therapeutic target remains largely unexplored. Therefore, we investigated the function of CNTN1 in neuroblastoma, specifically focusing on tumor growth and metastasis in xenograft mouse models. Our findings provide valuable insight into the role of CNTN1 in neuroblastoma and its potential as a novel therapeutic biomarker.




2. Materials and Methods


2.1. Cell Lines and Plasmids


The human neuroblastoma cell lines SK-N-AS (CRL-2137) and SK-N-DZ (CRL-2149) were obtained from ATCC and cultured in a humidified incubator at 37 °C and 5% CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose, L-glutamine, sodium pyruvate, 10% (v/v) heat-inactivated FBS (Sigma-Aldrich F2442, St. Louis, MO, USA), and 1% antibiotic-antimycotic solution (Corning MT300004CI, Manassas, VA, USA). Cells were transduced with pCDH1-SV40-Luc2 construct and selected with hygromycin (200 µg/mL) to generate luciferase reporters. Three single guide RNAs (gRNA) targeting human CNTN1 (5′-AAGAGAATATTCACTACCAG-3′, 5′-AGCATCTAATAACTACGGGA-3′, and 5′-CTGTTCCGGATATCCGATGG-3′) were sub-cloned into pLenti-CRISPR-V2 (Addgene plasmid #52961, Cambridge, MA, USA) to knockout CNTN1. Pooled knockout cells were selected using puromycin selection (1 µg/mL) and screened for gene disruption using immunoblotting. All cell lines were periodically authenticated through morphological inspection and mycoplasma testing.




2.2. Immunoblotting


To perform immunoblotting, cells were lysed in RIPA lysis buffer containing protease inhibitors. Protein concentration was determined using a Pierce BCA Protein Assay Kit (VWR Scientific PI23225, Rockford, IL, USA). The following primary antibodies were used for immunoblotting: contactin-1 (R&D Systems AF904, Minneapolis, MN, USA) and β-actin (Sigma A5441, St. Louis, MO, USA). After incubating with the primary antibodies, membranes were incubated with fluorophore-conjugated secondary antibodies. Signals were detected using a LI-COR Odyssey CLx Imager (Lincoln, NE, USA).




2.3. Orthotopic Neuroblastoma Mouse Model


Animal studies were conducted following the guidelines established by the Institutional Animal Care and Use Committee (IACUC #PRAM201145989) at the Penn State College of Medicine (Hershey, PA, USA). Male and female 6–8-week-old immunodeficient NOD Rag Gamma (NRG, Jackson 007799, Bar Harbor, ME, USA) mice were used for all experiments. An orthotopic model of adrenal neuroblastoma was established by injecting 200,000 wildtype (WT) or CNTN1 knockout (crCNTN1) SK-N-AS or SK-N-DZ cell lines suspended in a 50:50 mixture of Matrigel basement membrane matrix (Corning CB-40234, Bedford, MA, USA) into the adrenal gland of mice anesthetized with inhaled isoflurane. A Visualsonics Vevo 2100 ultrasound (Visualsonics, Toronto, ON, Canada) was used for injections, as previously described [12,13]. Animals that failed to engraft tumor cells (lacking luciferase reporter signals) were excluded from the experiments and analyses. At the experimental endpoint, mice were euthanized, and tissues were harvested for ex vivo analysis.




2.4. Luciferase Tumor Imaging


Primary tumor growth was evaluated weekly using the IVIS Lumina III in vivo bioluminescent imaging system (IVIS). Mice were anesthetized with 2.5% isoflurane (IsoSol Isoflurane, USP, VEDCO, St. Joseph, MO, USA) and injected subcutaneously with a solution of 30 mg/mL D-luciferin in PBS at a dose of 5 μL/g body weight, 5 min before imaging. Photon flux was calculated by measuring the whole-body region of interest (ROI).




2.5. Statistical Analysis


Neuroblastoma gene expression data were obtained from the TARGET dataset. The expression data from Affymetrix Human Exon Array platform has 247 samples (after excluding two samples with missing information). The GSE62564 gene expression profile was downloaded from GEO (www.ncbi.nlm.nih.gov/geo/, accessed on 4 November 2024). This dataset was accessed on 15 August 2021, which includes 498 primary neuroblastoma patient samples and 19,320 expressed genes. There are 176 high-risk and 322 low-risk NB patients available. GraphPad Prism (Version 8.3, GraphPad Software, Inc., Boston, MA, USA) was used for statistical analysis. For single comparisons, we used two-tailed unpaired Student’s t-tests. For multiple comparisons, we used one-way ANOVA. Statistical significance was set at p < 0.05.





3. Results


3.1. Association Between CNTN1 Expression and Tumor Aggression in Neuroblastoma


To investigate the role of CNTN1 in neuroblastoma, we analyzed several large publicly available datasets of tumor gene expression. Our analysis of the Cancer Cell Line Encyclopedia (CCLE) revealed that CNTN1 mRNA expression was highest in neuroblastoma compared to other tumor types (Figure 1A), consistent with the known function of CNTN1 as an endogenous neuronal membrane glycoprotein.



The primary tumor site has been shown to correlate with patient prognosis in neuroblastoma. Adrenal-gland tumors are typically more aggressive and associated with poor outcomes, while tumors arising from other sites, such as the paraspinal ganglia, posterior mediastinum, abdomen, and pelvis, are associated with improved survival [14]. Analysis of the TARGET database revealed that CNTN1 expression was higher in tumors originating from the thorax compared to those from the adrenal gland (Figure 1D), in line with a potential protective role of CNTN1 in neuroblastoma. Due to low sample numbers, a statistical analysis was not feasible for tumors from the cervical, pelvic, extra-adrenal abdomen, and metastatic sites, as they constituted less than 10% of the overall dataset.



Further analysis of both the TARGET and GSE49710 demonstrated that CNTN1 expression was significantly higher in less aggressive stage 1 and non-MYCN-amplified tumors compared to more aggressive stage 4 and MYCN-amplified tumors, respectively (Figure 1D). In both datasets, there was a significant negative linear relationship between CNTN1 expression and MYCN, with high CNTN1 expression correlating with low MYCN expression (Figure 1E–H). When high-risk neuroblastoma patients were stratified into two clinically distinct subtypes, high-risk neuroblastoma (HR-NB) and ultra-high-risk neuroblastoma (UHR-NB), as described previously [15], we observed that CNTN1 expression was significantly higher in HR-NB tumors compared to UHR-NB tumors, while MYCN expression was significantly higher in UHR-NB tumors compared to HR-NB tumors in both datasets (Figure 1F,H).




3.2. Association Between CNTN1 Expression and Outcomes in Neuroblastoma Patients


To assess the prognostic role of CNTN1 in neuroblastoma, we analyzed the correlation between patient overall survival (OS) and CNTN1 gene expression using the survminer package in R, with the cutoff point determined by the surv_cutpoint function. The adjusted p-value was calculated using the conditional Monte Carlo method in the maxstat package to correct for multiple testing. High CNTN1 expression was significantly associated with increased overall survival probability in neuroblastoma patients from both the TARGET and GSE62564 datasets (Figure 2A,B). We stratified high- and low-risk neuroblastoma into subtypes based on CNTN1 expression and generated Kaplan–Meier plots for these subtypes using the GSE62564 dataset (Figure 2C,D), and for high-risk neuroblastoma using the TARGET dataset (Figure 2E). Due to the small sample size, we did not create a plot for low-risk neuroblastoma in the TARGET dataset. Upregulation of CNTN1 was significantly associated with improved overall survival in both high- and low-risk neuroblastoma patients with the adjusted p-value below 0.1. These findings suggest a potential protective role for CNTN1. Interestingly, when considering MYCN amplification across the entire cohort, high CNTN1 expression was associated with a significantly increased overall survival probability for neuroblastoma patients with non-MYCN-amplified tumors (Figure 2F). However, in patients with MYCN-amplified tumors, high CNTN1 expression was associated with a decreased probability of survival, although this finding was based on a relatively small number of patients with tumors exhibiting both MYCN amplification and low CNTN1 expression (Figure 2G).




3.3. CNTN1 Knockout Suppresses Tumor Metastasis and Prolongs Mouse Survival


To investigate the effect of CNTN1 on primary neuroblastoma tumor growth and metastasis in vivo, we established CNTN1 knockout (crCNTN1) using a CRISPR-Cas9 system in both the non-MYCN-amplified SK-N-AS and the MYCN-amplified SK-N-DZ high-risk human neuroblastoma cell lines (Figure 3A,D). An orthotopic xenograft model of neuroblastoma was established by implanting either crCNTN1 or wildtype (WT) cells into the adrenal gland of NRG mice using ultrasound-guided imaging. We monitored tumor growth through weekly whole-body in vivo bioluminescent imaging (Figure 3B,E). There was no significant difference in primary tumor growth between the WT SK-N-AS and crCNTN1 SK-N-AS groups (Figure 3C). However, primary tumor growth significantly decreased in the crCNTN1 SK-N-DZ group compared to the WT SK-N-DZ group (Figure 3F). At the experimental endpoint, while no detectable metastasis was observed in mice with SK-N-DZ xenografts, we noted a higher frequency of visible metastatic tumor growth in mice with WT SK-N-AS tumors compared to those with crCNTN1 SK-N-AS tumors. Specifically, over 55% of mice in the WT group developed metastases, compared to 30% in the crCNTN1 group (Figure 3G). H&E staining of adrenal and liver tissues confirmed primary tumors in the adrenal glands and metastatic tumors in the liver (Figure 3H,I). These results suggest that CNTN1 loss suppresses metastasis in this mouse model.





4. Discussion


Neuroblastoma is a highly aggressive pediatric malignancy with relatively few therapeutic targets. Here, we demonstrate that neuroblastoma tumors express significantly higher levels of the neural glycoprotein CNTN1 compared to many other tumor types. Moreover, CNTN1 expression varies with tumor grade and primary tumor site, with higher expression observed in less aggressive grade 1 tumors, as well as tumors originating from the thorax, a clinically favorable primary site, compared to those in the adrenal gland. Importantly, high CNTN1 expression is associated with an increased overall survival probability in neuroblastoma patients.



Previous studies have demonstrated that CNTN1 is associated with poor overall survival in many tumor types [16]. Interestingly, low-grade glioma demonstrates the reverse phenotype, similar to our findings in neuroblastoma, where high CNTN1 is associated with increased overall survival [16]. Given the known role of CNTN1 in neural cell adhesion and axonal growth, these results suggest that CNTN1 could play an overall protective role in the progression of tumors of the nervous system, while promoting tumor progression through epithelial-to-mesenchymal transition (EMT) and other well-defined mechanisms in other tissue types.



Our study further reveals that patient survival based on CNTN1 expression is stratified by MYCN amplification status. High CNTN1 expression is associated with increased overall survival probability in patients with non-MYCN-amplified tumors, while high CNTN1 expression is linked to a decreased survival probability in patients with MYCN-amplified tumors. However, the sample size of patients with MYCN amplification and low CNTN1 expression is small. As there is no overlap between the CNTN1 and MYCN pathways to suggest that these proteins function synergistically, this finding may highlight the aggressive nature of MYCN-amplified tumors, but further experimental evaluation is needed to characterize this relationship.



Interestingly, in an orthotopic xenograft mouse model of neuroblastoma, we observed decreased metastasis in mice xenografted with CNTN1 knockout SK-N-AS tumors compared to mice with WT tumors. This finding is consistent with the literature on other tumor types demonstrating that CNTN1 promotes tumor metastasis [7,8,9,10,16], but it does not support the hypothesis that CNTN1 plays an overall protective role in neuroblastoma. For example, knockdown of CNTN1 has been shown to reduce the invasion of lung cancer [17], oral squamous cell carcinoma [18], and thyroid cancer cells [10], while overexpression increased lung metastasis in a mouse model of prostate cancer [9]. CNTN1 has been shown to promote tumor invasion primarily through the regulation of EMT [17,19,20,21], as well as the regulation of vascular endothelial growth factor (VEGF) [22,23,24,25].



It is important to note that this study has limitations, including the use of cell lines derived from the bone marrow of children with high-risk neuroblastoma, which were implanted into immunodeficient NRG mice. The effect of the tumor microenvironment and immune system on tumor progression cannot be accurately replicated using this experimental model. Additionally, the patients in the publicly available datasets used in this study underwent intensive treatments, including chemotherapy, surgery, stem-cell transplant, and/or immunotherapy, which is not reflected in the experimental animal model. Given differences in prior treatment for individual patients, the effect of CNTN1 on overall survival is most likely multifaceted.




5. Conclusions


Our findings highlight the potential significance of CNTN1 as a novel biological marker and therapeutic target for neuroblastoma. While patient data suggest that high CNTN1 expression is associated with less aggressive tumor characteristics and increased overall survival, animal studies suggest that CNTN1 knockout suppresses metastasis. Further studies are required to elucidate the mechanisms through which CNTN1 affects tumor growth and progression in neuroblastoma in order to evaluate its potential as a therapeutic target in preclinical and clinical settings.







Author Contributions


Conceptualization, C.N.G. and H.-G.W.; investigation, C.N.G., C.A.W., X.L. and Z.L.; methodology, C.N.G., C.A.W., X.L., L.C. and Z.L.; data curation, C.N.G., C.A.W., X.L. and L.C.; formal analysis, C.N.G., C.A.W., X.L. and Z.L.; resources, C.N.G. and H.-G.W.; writing—original draft preparation, C.N.G. and C.A.W.; writing—review and editing, C.N.G., C.A.W. and H.-G.W.; supervision, C.N.G. and H.-G.W.; project administration, C.N.G. and H.-G.W.; funding acquisition, C.N.G. and H.-G.W. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported in part by the APSA Foundation Jay Grosfeld MD award, the Lois High Berstler Research Endowment Fund, and the Four Diamonds.




Institutional Review Board Statement


The animal study protocol (IACUC #PRAM201145989) was approved by the Institutional Animal Care and Use Committee at the Penn State College of Medicine (Hershey, PA, USA).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


The Authors acknowledge Jennifer Wilson for her technical assistance and animal husbandry, the Department of Comparative Medicine, and the Bioluminescent Imaging Core at the Penn State College of Medicine.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Irwin, M.S.; Park, J.R. Neuroblastoma: Paradigm for Precision Medicine. Pediatr. Clin. N. Am. 2015, 62, 225–256. [Google Scholar] [CrossRef] [PubMed]

	



MacFarland, S.; Bagatell, R. Advances in Neuroblastoma Therapy. Curr. Opin. Pediatr. 2019, 31, 14–20. [Google Scholar] [CrossRef] [PubMed]

	



Huang, M.; Weiss, W.A. Neuroblastoma and MYCN. Cold Spring Harb. Perspect. Med. 2013, 3, a014415. [Google Scholar] [CrossRef]

	



Janiszewska, M.; Primi, M.C.; Izard, T. Cell Adhesion in Cancer: Beyond the Migration of Single Cells. J. Biol. Chem. 2020, 295, 2495–2505. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, K.J.; Danks, M.K. Cell Adhesion Molecules as Targets for Therapy of Neuroblastoma. Cancer Biol. Ther. 2009, 8, 306–311. [Google Scholar] [CrossRef] [PubMed]

	



Chatterjee, M.; Schild, D.; Teunissen, C.E. Contactins in the Central Nervous System: Role in Health and Disease. Neural Regen. Res. 2019, 14, 206–216. [Google Scholar] [CrossRef]

	



Liu, P.; Chen, S.; Wu, W.; Liu, B.; Shen, W.; Wang, F.; He, X.; Zhang, S. Contactin-1 (CNTN-1) Overexpression Is Correlated with Advanced Clinical Stage and Lymph Node Metastasis in Oesophageal Squamous Cell Carcinomas. Jpn. J. Clin. Oncol. 2012, 42, 612–618. [Google Scholar] [CrossRef]

	



Chen, D.-H.; Yu, J.-W.; Wu, J.-G.; Wang, S.-L.; Jiang, B.-J. Significances of Contactin-1 Expression in Human Gastric Cancer and Knockdown of Contactin-1 Expression Inhibits Invasion and Metastasis of MKN45 Gastric Cancer Cells. J. Cancer Res. Clin. Oncol. 2015, 141, 2109–2120. [Google Scholar] [CrossRef]

	



Yan, J.; Ojo, D.; Kapoor, A.; Lin, X.; Pinthus, J.H.; Aziz, T.; Bismar, T.A.; Wei, F.; Wong, N.; De Melo, J.; et al. Neural Cell Adhesion Protein CNTN1 Promotes the Metastatic Progression of Prostate Cancer. Cancer Res. 2016, 76, 1603–1614. [Google Scholar] [CrossRef]

	



Shi, K.; Xu, D.; Yang, C.; Wang, L.; Pan, W.; Zheng, C.; Fan, L. Contactin 1 as a Potential Biomarker Promotes Cell Proliferation and Invasion in Thyroid Cancer. Int. J. Clin. Exp. Pathol. 2015, 8, 12473–12481. [Google Scholar]

	



Liang, Y.; Ma, C.; Li, F.; Nie, G.; Zhang, H. The Role of Contactin 1 in Cancers: What We Know So Far. Front. Oncol. 2020, 10, 574208. [Google Scholar] [CrossRef] [PubMed]

	



Van Noord, R.A.; Thomas, T.; Krook, M.; Chukkapalli, S.; Hoenerhoff, M.J.; Dillman, J.R.; Lawlor, E.R.; Opipari, V.P.; Newman, E.A. Tissue-Directed Implantation Using Ultrasound Visualization for Development of Biologically Relevant Metastatic Tumor Xenografts. In Vivo 2017, 31, 779–791. [Google Scholar] [CrossRef]

	



Grant, C.N.; Wills, C.A.; Liu, X.; Spiegelman, V.S.; Wang, H.-G. Thoracic Neuroblastoma: A Novel Surgical Model for the Study of Extra-Adrenal Neuroblastoma. In Vivo 2022, 36, 49–56. [Google Scholar] [CrossRef] [PubMed]

	



Vo, K.T.; Matthay, K.K.; Neuhaus, J.; London, W.B.; Hero, B.; Ambros, P.F.; Nakagawara, A.; Miniati, D.; Wheeler, K.; Pearson, A.D.J.; et al. Clinical, Biologic, and Prognostic Differences on the Basis of Primary Tumor Site in Neuroblastoma: A Report from the International Neuroblastoma Risk Group Project. J. Clin. Oncol. 2014, 32, 3169–3176. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Grant, C.N.; Sun, L.; Miller, B.A.; Spiegelman, V.S.; Wang, H.-G. Expression Patterns of Immune Genes Reveal Heterogeneous Subtypes of High-Risk Neuroblastoma. Cancers 2020, 12, 1739. [Google Scholar] [CrossRef]

	



Gu, Y.; Li, T.; Kapoor, A.; Major, P.; Tang, D. Contactin 1: An Important and Emerging Oncogenic Protein Promoting Cancer Progression and Metastasis. Genes 2020, 11, 874. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R.; Yao, W.; Qian, P.; Li, Y.; Jiang, C.; Ao, Z.; Qian, G.; Wang, C.; Wu, G.; Li, J.; et al. Increased Sensitivity of Human Lung Adenocarcinoma Cells to Cisplatin Associated with Downregulated Contactin-1. Biomed. Pharmacother. 2015, 71, 172–184. [Google Scholar] [CrossRef]

	



Wu, H.-M.; Cao, W.; Ye, D.; Ren, G.-X.; Wu, Y.-N.; Guo, W. Contactin 1 (CNTN1) Expression Associates with Regional Lymph Node Metastasis and Is a Novel Predictor of Prognosis in Patients with Oral Squamous Cell Carcinoma. Mol. Med. Rep. 2012, 6, 265–270. [Google Scholar] [CrossRef]

	



Xu, S.; Lam, S.-K.; Cheng, P.N.-M.; Ho, J.C.-M. Contactin 1 Modulates Pegylated Arginase Resistance in Small Cell Lung Cancer through Induction of Epithelial-Mesenchymal Transition. Sci. Rep. 2019, 9, 12030. [Google Scholar] [CrossRef]

	



Zhang, D.; Zhou, S.; Liu, B. Identification and Validation of an Individualized EMT-Related Prognostic Risk Score Formula in Gastric Adenocarcinoma Patients. Biomed. Res. Int. 2020, 2020, 7082408. [Google Scholar] [CrossRef]

	



Wang, B.; Yang, X.; Zhao, T.; Du, H.; Wang, T.; Zhong, S.; Yang, B.; Li, H. Upregulation of Contactin-1 Expression Promotes Prostate Cancer Progression. Oncol. Lett. 2020, 19, 1611–1618. [Google Scholar] [CrossRef] [PubMed]

	



Su, J.-L.; Yang, P.-C.; Shih, J.-Y.; Yang, C.-Y.; Wei, L.-H.; Hsieh, C.-Y.; Chou, C.-H.; Jeng, Y.-M.; Wang, M.-Y.; Chang, K.-J.; et al. The VEGF-C/Flt-4 Axis Promotes Invasion and Metastasis of Cancer Cells. Cancer Cell 2006, 9, 209–223. [Google Scholar] [CrossRef] [PubMed]

	



Shigetomi, S.; Imanishi, Y.; Shibata, K.; Sakai, N.; Sakamoto, K.; Fujii, R.; Habu, N.; Otsuka, K.; Sato, Y.; Watanabe, Y.; et al. VEGF-C/Flt-4 Axis in Tumor Cells Contributes to the Progression of Oral Squamous Cell Carcinoma via Upregulating VEGF-C Itself and Contactin-1 in an Autocrine Manner. Am. J. Cancer Res. 2018, 8, 2046–2063. [Google Scholar] [PubMed]

	



Yu, J.-W.; Wu, S.-H.; Lu, R.-Q.; Wu, J.-G.; Ni, X.-C.; Zhou, G.-C.; Jiang, H.-G.; Zheng, L.-H.; Li, X.-Q.; Du, G.-Y.; et al. Expression and Significances of Contactin-1 in Human Gastric Cancer. Gastroenterol. Res. Pract. 2013, 2013, 210205. [Google Scholar] [CrossRef]

	



Liu, P.; Zhou, J.; Zhu, H.; Xie, L.; Wang, F.; Liu, B.; Shen, W.; Ye, W.; Xiang, B.; Zhu, X.; et al. VEGF-C Promotes the Development of Esophageal Cancer via Regulating CNTN-1 Expression. Cytokine 2011, 55, 8–17. [Google Scholar] [CrossRef]








[image: Biomedicines 12 02606 g001] 





Figure 1. High CNTN1 expression is associated with less aggressive tumor characteristics in neuroblastoma patients. (A) CNTN1 mRNA expression from the Cancer Cell Line Encyclopedia (broadinstitute.org). Neuroblastoma, n = 17. (B) Normalized CNTN1 expression by primary tumor stage, location, and MYCN status. Stage 4, n = 216; stage 1, n = 30; adrenal, n = 149; thorax n = 19, non-MYCN-amplified n = 175; and MYCN-amplified n = 68. (C) CNTN1 expression compared to MYCN expression from the TARGET dataset, n = 217. (D,E) CNTN1 and MYCN expression in high-risk (HR) neuroblastoma samples stratified into HR and ultra-high risk (UHR) from the TARGET dataset, HR-NB n = 131, UHR-NB n = 86. (F) CNTN1 expression compared to MYCN expression from GSE62564 dataset, n = 176. (G,H) CNTN1 and MYCN expression in high-risk (HR) and ultra-high-risk (UHR) neuroblastoma from the GSE62564 dataset, HR-NB n = 102, UHR-NB n = 74. 
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Figure 2. High CNTN1 expression is associated with improved outcomes in neuroblastoma patients. (A) Kaplan–Meyer overall survival curve of neuroblastoma patients from the TARGET dataset, stratified by CNTN1 expression with a cutoff of 10.04. (B) Kaplan–Meyer overall survival curve of neuroblastoma patients from the GSE62564 dataset, stratified by CNTN1 expression with a cutoff of 13.85. (C) Kaplan–Meyer overall survival curve of high-risk neuroblastoma patients from the GSE62564 dataset, stratified by CNTN1 expression with a cutoff of 14.03. (D) Kaplan–Meyer overall survival curve of low-risk neuroblastoma patients from the GSE62564 dataset, stratified by CNTN1 expression with a cutoff of 13.74. (E) Kaplan–Meyer overall survival curve of high-risk neuroblastoma patients from the TARGET dataset, stratified by CNTN1 expression with a cutoff of 10.15. (F) Survival ratio of neuroblastoma patients with non-MYCN-amplified tumors, stratified by CNTN1 expression with a cutoff of 10.04. (G) Survival ratio of neuroblastoma patients with MYCN-amplified tumors, stratified by CNTN1 expression with a cutoff of 7.6822. 
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Figure 3. CNTN1 decreases survival and promotes tumor progression in vivo. (A) Immunoblot of WT and crCNTN1 SK-N-AS cells probed for indicated proteins. (B) Representative IVIS images of five mice xenografted with WT or crCNTN1 SK-N-AS tumors. (C) Whole-body ROI quantification of WT and crCNTN1 SK-N-AS tumor radiance. Data represent two independent experiments. SK-N-AS WT, n = 23; SK-N-AS crCNTN1, n = 11. Mean ± SEM. (D) Immunoblot of WT and crCNTN1 SK-N-DZ cells probed for indicated proteins. (E) Representative IVIS images of five mice xenografted with WT or crCNTN1 SK-N-DZ tumors. (F) Whole-body ROI quantification of WT and crCNTN1 SK-N-DZ tumor radiance. Data represent three independent experiments. SK-N-DZ WT, n = 37; SK-N-DZ crCNTN1, n = 31. Mean ± SEM, two-way ANOVA, ** p < 0.01. (G) Percentage of metastases identified in mice bearing WT or crCNTN1 SK-N-AS xenograft tumors. Data represent two independent experiments. SK-N-AS WT, n = 18; SK-N-AS crCNTN1, n = 10. (H,I) Representative hematoxylin–eosin-stained images of paraffin-embedded primary and metastatic tumors isolated from mice inoculated with indicated cell lines. 






Figure 3. CNTN1 decreases survival and promotes tumor progression in vivo. (A) Immunoblot of WT and crCNTN1 SK-N-AS cells probed for indicated proteins. (B) Representative IVIS images of five mice xenografted with WT or crCNTN1 SK-N-AS tumors. (C) Whole-body ROI quantification of WT and crCNTN1 SK-N-AS tumor radiance. Data represent two independent experiments. SK-N-AS WT, n = 23; SK-N-AS crCNTN1, n = 11. Mean ± SEM. (D) Immunoblot of WT and crCNTN1 SK-N-DZ cells probed for indicated proteins. (E) Representative IVIS images of five mice xenografted with WT or crCNTN1 SK-N-DZ tumors. (F) Whole-body ROI quantification of WT and crCNTN1 SK-N-DZ tumor radiance. Data represent three independent experiments. SK-N-DZ WT, n = 37; SK-N-DZ crCNTN1, n = 31. Mean ± SEM, two-way ANOVA, ** p < 0.01. (G) Percentage of metastases identified in mice bearing WT or crCNTN1 SK-N-AS xenograft tumors. Data represent two independent experiments. SK-N-AS WT, n = 18; SK-N-AS crCNTN1, n = 10. (H,I) Representative hematoxylin–eosin-stained images of paraffin-embedded primary and metastatic tumors isolated from mice inoculated with indicated cell lines.
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