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                    Abstract
Purpose
Cholangiocarcinoma (CCA) is a highly invasive malignant tumor originating from the bile duct epithelium. Tweety homolog 3 (TTYH3) is a member of the family of calcium-activated chloride channels, which have several biological functions. Here, we aimed to investigate the expression and biological function of TTYH3 in CCA.
Methods
The mRNA and protein expression levels of TTYH3 were investigated in primary human CCA tissues and normal tissues. The DNA methylation levels of three CpG sites in the TTYH3 promoter region were evaluated using pyrosequencing. The effect of TTYH3 expression on proliferation, apoptosis, migration and invasion were assessed in HUCCT1 and QBC939 cells. Xenograft models were developed to substantiate its role in the development of CCA. Western blot analysis was used to investigate the mechanistic role of TTYH3 in regulating CCA progression.
Results
We found that TTYH3 was highly expressed both at the mRNA and protein levels in CCA (p = 0.0001) and that the expression levels were significantly related to a poor overall survival of the patients (p = 0.0019). The DNA methylation levels of three CpG sites in the TTYH3 promoter region were significantly lower in CCA tissues compared to normal tissues (p < 0.05). In vitro studies indicated that TTYH3 can promote the proliferation, migration and invasion of the CCA cells. TTYH3 overexpression significantly promoted tumor progression and cellular proliferation in vivo as indicated by Ki‐67 expression. In addition, we found that exogenous TTYH3 overexpression induced epithelial-mesenchymal transition (EMT) in CCA as indicated by expression changes in E-cadherin, N-cadherin and vimentin. The EMT process was found to occur through the Wnt/β-catenin signaling pathway, with simultaneous changes in P-GSK3β and β-catenin levels.
Conclusions
Our data indicate that DNA hypomethylation-induced overexpression of TTYH3 regulates CCA development and metastasis through the Wnt/β-catenin pathway.



                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        This is a preview of subscription content, log in via an institution
                                    
                                    
                                        
                                     to check access.
                                

                            

                        

                        
                            
                                
                                    Access this article

                                    
                                        
                                            
                                                
                                                    Log in via an institution
                                                    
                                                        
                                                    
                                                
                                            

                                        
                                    
                                    
                                        
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                    

                                    
                                        Institutional subscriptions
                                            
                                                
                                            
                                        

                                    

                                

                            
                        

                        
                            Fig. 1[image: ]


Fig. 2[image: ]


Fig. 3[image: ]


Fig. 4[image: ]


Fig. 5[image: ]



                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        GATA6 promotes epithelial-mesenchymal transition and metastasis through MUC1/β-catenin pathway in cholangiocarcinoma
                                        
                                    

                                    
                                        Article
                                         Open access
                                         15 October 2020
                                    

                                

                                Xiang Deng, Peng Jiang, … Feng Tian

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The H2A.Z-KDM1A complex promotes tumorigenesis by localizing in the nucleus to promote SFRP1 promoter methylation in cholangiocarcinoma cells
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 November 2022
                                    

                                

                                Qi Wang, Yongqiang Qi, … Yongjun Chen

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        HOXA5 inhibits the proliferation of extrahepatic cholangiocarcinoma cells by enhancing MXD1 expression and activating the p53 pathway
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 September 2022
                                    

                                

                                Fei Xiong, Wenzheng Liu, … Yongjun Chen

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    Data availability

              
              The datasets used and analyzed during the current study are available from the corresponding author upon reasonable request.

            

Abbreviations
	CCA:
	
                    cholangiocarcinoma

                  
	CaCC:
	
                    Ca2+-activated chloride channel

                  
	TTYH3:
	
                    Tweety homolog 3

                  
	qRT-PCR:
	
                    quantitative real-time PCR

                  
	EMT:
	
                    epithelial-mesenchymal transition

                  



References
	J.M. Banales, J.J.G. Marin, A. Lamarca, P.M. Rodrigues, S.A. Khan, L.R. Roberts, V. Cardinale, G. Carpino, J.B. Andersen, C. Braconi, D.F. Calvisi, M.J. Perugorria, L. Fabris, L. Boulter, R.I.R. Macias, E. Gaudio, D. Alvaro, S.A. Gradilone, M. Strazzabosco, M. Marzioni, C. Coulouarn, L. Fouassier, C. Raggi, P. Invernizzi, J.C. Mertens, A. Moncsek, S. Rizvi, J. Heimbach, B.G. Koerkamp, J. Bruix, A. Forner, J. Bridgewater, J.W. Valle, G.J. Gores, Cholangiocarcinoma 2020: the next horizon in mechanisms and management. Nat. Rev. Gastroenterol. Hepatol. 17, 557–588 (2020)
Article 
    
                    Google Scholar 
                

	L. Ferrera, O. Zegarra-Moran, L.J. Galietta, Ca2+-activated Cl- channels. Compr. Physiol. 1, 2155–2174 (2011)
Article 
    
                    Google Scholar 
                

	H. Wang, L. Zou, K. Ma, J. Yu, H. Wu, M. Wei, Q. Xiao, Cell-specific mechanisms of TMEM16A Ca(2+)-activated chloride channel in cancer. Mol. Cancer 16, 152 (2017)
Article 
    
                    Google Scholar 
                

	Y.D. Yang, H. Cho, J.Y. Koo, M.H. Tak, Y. Cho, W.S. Shim, S.P. Park, J. Lee, B. Lee, B.M. Kim, R. Raouf, Y.K. Shin, U. Oh, TMEM16A confers receptor-activated calcium-dependent chloride conductance. Nature 455, 1210–1215 (2008)
Article 
    CAS 
    
                    Google Scholar 
                

	J. Eggermont, Calcium-activated chloride channels: (un)known, (un)loved? Proc. Am. Thorac. Soc. 1, 22–27 (2004)
Article 
    CAS 
    
                    Google Scholar 
                

	U. Duvvuri, D.J. Shiwarski, D. Xiao, C. Bertrand, X. Huang, R.S. Edinger, J.R. Rock, B.D. Harfe, B.J. Henson, K. Kunzelmann, R. Schreiber, R.S. Seethala, A.M. Egloff, X. Chen, V.W. Lui, J.R. Grandis, S.M. Gollin, TMEM16A induces MAPK and contributes directly to tumorigenesis and cancer progression. Cancer Res. 72, 3270–3281 (2012)
Article 
    CAS 
    
                    Google Scholar 
                

	A. Carles, R. Millon, A. Cromer, G. Ganguli, F. Lemaire, J. Young, C. Wasylyk, D. Muller, I. Schultz, Y. Rabouel, D. Dembele, C. Zhao, P. Marchal, C. Ducray, L. Bracco, J. Abecassis, O. Poch, B. Wasylyk, Head and neck squamous cell carcinoma transcriptome analysis by comprehensive validated differential display. Oncogene 25, 1821–1831 (2006)
Article 
    CAS 
    
                    Google Scholar 
                

	C. Zhang, J. Liu, Z. Han, X. Cui, D. Peng, Y. Xing, Inhibition of TMEM16A suppresses growth and induces apoptosis in hepatocellular carcinoma. Int. J. Clin. Oncol. 25, 1145–1154 (2020)
Article 
    CAS 
    
                    Google Scholar 
                

	M.E. Loewen, G.W. Forsyth, Structure and function of CLCA proteins. Physiol. Rev. 85, 1061–1092 (2005)
Article 
    CAS 
    
                    Google Scholar 
                

	J.A. Kim, Y.S. Kang, Y.S. Lee, Role of Ca2+-activated Cl- channels in the mechanism of apoptosis induced by cyclosporin A in a human hepatoma cell line. Biochem. Biophys. Res. Commun. 309, 291–297 (2003)
Article 
    CAS 
    
                    Google Scholar 
                

	D. Wohlrab, F. Markwardt, Influence of ion channel blockers on proliferation and free intracellular Ca2+ concentration of human keratinocytes. Skin Pharmacol. Appl. Skin Physiol. 12, 257–265 (1999)
Article 
    CAS 
    
                    Google Scholar 
                

	A.D. Halleran, M. Sehdev, B.A. Rabe, R.W. Huyck, C.C. Williams, M.S. Saha, Characterization of tweety gene (ttyh1-3) expression in Xenopus laevis during embryonic development. Gene Expr. Patterns 17, 38–44 (2015)
Article 
    CAS 
    
                    Google Scholar 
                

	E. Jung, M. Osswald, J. Blaes, B. Wiestler, F. Sahm, T. Schmenger, G. Solecki, K. Deumelandt, F.T. Kurz, R. Xie, S. Weil, O. Heil, C. Thome, M. Gommel, M. Syed, P. Haring, P.E. Huber, S. Heiland, M. Platten, A. von Deimling, W. Wick, F. Winkler, Tweety-Homolog 1 drives brain colonization of gliomas. J. Neurosci. 37, 6837–6850 (2017)
Article 
    CAS 
    
                    Google Scholar 
                

	C.L. Kleinman, N. Gerges, S. Papillon-Cavanagh, P. Sin-Chan, A. Pramatarova, D.A. Quang, V. Adoue, S. Busche, M. Caron, H. Djambazian, A. Bemmo, A.M. Fontebasso, T. Spence, J. Schwartzentruber, S. Albrecht, P. Hauser, M. Garami, A. Klekner, L. Bognar, J.L. Montes, A. Staffa, A. Montpetit, P. Berube, M. Zakrzewska, K. Zakrzewski, P.P. Liberski, Z. Dong, P.M. Siegel, T. Duchaine, C. Perotti, A. Fleming, D. Faury, M. Remke, M. Gallo, P. Dirks, M.D. Taylor, R. Sladek, T. Pastinen, J.A. Chan, A. Huang, J. Majewski, N. Jabado, Fusion of TTYH1 with the C19MC microRNA cluster drives expression of a brain-specific DNMT3B isoform in the embryonal brain tumor ETMR. Nat. Genet. 46, 39–44 (2014)
Article 
    CAS 
    
                    Google Scholar 
                

	M. Stefaniuk, L. Swiech, J. Dzwonek, K. Lukasiuk, Expression of Ttyh1, a member of the Tweety family in neurons in vitro and in vivo and its potential role in brain pathology. J. Neurochem. 115, 1183–1194 (2010)
Article 
    CAS 
    
                    Google Scholar 
                

	C.A. Matthews, J.E. Shaw, J.A. Hooper, I.G. Young, M.F. Crouch, H.D. Campbell, Expression and evolution of the mammalian brain gene Ttyh1. J. Neurochem. 100, 693–707 (2007)
Article 
    CAS 
    
                    Google Scholar 
                

	J. Kim, D. Han, S.H. Byun, M. Kwon, J.Y. Cho, S.J. Pleasure, K. Yoon, Ttyh1 regulates embryonic neural stem cell properties by enhancing the Notch signaling pathway, EMBO Rep. 19, e45472 (2018)

	F.K. Rae, J.D. Hooper, H.J. Eyre, G.R. Sutherland, D.L. Nicol, J.A. Clements, TTYH2, a human homologue of the Drosophila melanogaster gene tweety, is located on 17q24 and upregulated in renal cell carcinoma. Genomics 77, 200–207 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Y. Toiyama, A. Mizoguchi, K. Kimura, J. Hiro, Y. Inoue, T. Tutumi, C. Miki, M. Kusunoki, TTYH2, a human homologue of the Drosophila melanogaster gene tweety, is up-regulated in colon carcinoma and involved in cell proliferation and cell aggregation. World J. Gastroenterol. 13, 2717–2721 (2007)
Article 
    CAS 
    
                    Google Scholar 
                

	D.K. Moon, Y.J. Bae, G.R. Jeong, C.H. Cho, S.C. Hwang, Upregulated TTYH2 expression is critical for the invasion and migration of U2OS human osteosarcoma cell lines. Biochem. Biophys. Res. Commun. 516, 521–525 (2019)
Article 
    CAS 
    
                    Google Scholar 
                

	S.K. Saha, P.K. Biswas, M. Gil, S.G. Cho, High expression of TTYH3 is related to poor clinical outcomes in human gastric cancer. J. Clin. Med. 8, 1762 (2019)

	V. Walia, Y. Yu, D. Cao, M. Sun, J.R. McLean, B.G. Hollier, J. Cheng, S.A. Mani, K. Rao, L. Premkumar, R.C. Elble, Loss of breast epithelial marker hCLCA2 promotes epithelial-to-mesenchymal transition and indicates higher risk of metastasis. Oncogene 31, 2237–2246 (2012)
Article 
    CAS 
    
                    Google Scholar 
                

	R.B. West, C.L. Corless, X. Chen, B.P. Rubin, S. Subramanian, K. Montgomery, S. Zhu, C.A. Ball, T.O. Nielsen, R. Patel, J.R. Goldblum, P.O. Brown, M.C. Heinrich, M. van de Rijn, The novel marker, DOG1, is expressed ubiquitously in gastrointestinal stromal tumors irrespective of KIT or PDGFRA mutation status. Am. J. Pathol. 165, 107–113 (2004)
Article 
    CAS 
    
                    Google Scholar 
                

	J. Chenevert, U. Duvvuri, S. Chiosea, S. Dacic, K. Cieply, J. Kim, D. Shiwarski, R.R. Seethala, DOG1: a novel marker of salivary acinar and intercalated duct differentiation. Mod. Pathol. 25, 919–929 (2012)
Article 
    CAS 
    
                    Google Scholar 
                

	X. Li, W. Hu, J. Zhou, Y. Huang, J. Peng, Y. Yuan, J. Yu, S. Zheng, CLCA1 suppresses colorectal cancer aggressiveness via inhibition of the Wnt/beta-catenin signaling pathway. Cell Commun. Signal 15, 38 (2017)
Article 
    
                    Google Scholar 
                

	Y. Yu, M. Zhang, N. Wang, Q. Li, J. Yang, S. Yan, X. He, G. Ji, L. Miao, Epigenetic silencing of tumor suppressor gene CDKN1A by oncogenic long non-coding RNA SNHG1 in cholangiocarcinoma. Cell Death Dis. 9, 746 (2018)
Article 
    
                    Google Scholar 
                

	M.A. Nieto, R.Y. Huang, R.A. Jackson, J.P. Thiery, Emt: 2016. Cell 166, 21-45 (2016)

	S. Gupta, A. Maitra, Matter of life or death? Cell 164, 840–842 (2016)
Article 
    CAS 
    
                    Google Scholar 
                

	C.J. David, Y.H. Huang, M. Chen, J. Su, Y. Zou, N. Bardeesy, C.A. Iacobuzio-Donahue, J. Massague, TGF-beta tumor suppression through a lethal EMT. Cell 164, 1015–1030 (2016)
Article 
    CAS 
    
                    Google Scholar 
                

	T. Chen, Y. You, H. Jiang, Z.Z. Wang, Epithelial-mesenchymal transition (EMT): A biological process in the development, stem cell differentiation, and tumorigenesis. J. Cell. Physiol. 232, 3261–3272 (2017)
Article 
    CAS 
    
                    Google Scholar 
                

	Q. Cao, F. Liu, K. Ji, N. Liu, Y. He, W. Zhang, L. Wang, MicroRNA-381 inhibits the metastasis of gastric cancer by targeting TMEM16A expression. J. Exp. Clin. Cancer Res. 36, 29 (2017)
Article 
    
                    Google Scholar 
                

	P. Zhou, Y. Li, B. Li, M. Zhang, Y. Liu, Y. Yao, D. Li, NMIIA promotes tumor growth and metastasis by activating the Wnt/beta-catenin signaling pathway and EMT in pancreatic cancer. Oncogene 38, 5500–5515 (2019)
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
This work was supported by the National Natural Science Foundation of China (grant number 81600490), the Taishan Scholars Program of Shandong Province (grant number 2019010668), the Shandong Higher Education Young Science and Technology Support Program (grant number 2020KJL005), the China Postdoctoral Science Foundation (grant number 2016M602098) and the Qingdao Postdoctoral Science Foundation (grant number 2016046).


Author information
Author notes	Xue Weijie and Dong Bingzi contributed equally to this work.


Authors and Affiliations
	Department of Gastrointestinal Surgery, The Affiliated Hospital of Qingdao University, No. 16 Jiangsu Road, 266003, Qingdao, People’s Republic of China
Weijie Xue & Zhaojian Niu

	Shandong Key Laboratory of Digital Medicine and Computer Assisted Surgery, The Affiliated Hospital of Qingdao University, No. 16 Jiangsu Road, 266003, Qingdao, China
Bingzi Dong & Chengzhan Zhu

	Department of Endocrinology and Metabolism, The Affiliated Hospital of Qingdao University, No. 16 Jiangsu Road, 266003, Qingdao, China
Bingzi Dong

	School of Public Health, Qingdao University, Qingdao, China
Yanjie Zhao

	Department of Hepatobiliary and Pancreatic Surgery, The Affiliated Hospital of Qingdao University, No. 16 Jiangsu Road, 266003, Qingdao, China
Yixiu Wang, Yuwei Xie & Chengzhan Zhu

	Department of Pediatric Surgery, The Affiliated Hospital of Qingdao University, No. 16 Jiangsu Road, Qingdao, 266003, China
Chenyu Yang


Authors	Weijie XueView author publications
You can also search for this author in
                        PubMed Google Scholar



	Bingzi DongView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yanjie ZhaoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yixiu WangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Chenyu YangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yuwei XieView author publications
You can also search for this author in
                        PubMed Google Scholar



	Zhaojian NiuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Chengzhan ZhuView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
Xue Weijie, Dong Bingzi, Wang Yixiu, Yang Chenyu and Xie Yuwei performed the experiments, analyzed the data and wrote the manuscript. Dong Bingzi revised the manuscript and illustrated all figures. Zhao Yanjie provided experimental guidance. Niu Zhaojian and Zhu Chengzhan designed the study. Zhu Chengzhan provided the funding support, analyzed the data and wrote the manuscript. All authors contributed to the article and approved the submitted version.
Corresponding authors
Correspondence to
                Zhaojian Niu or Chengzhan Zhu.


Ethics declarations

              
              
                Ethics approval and consent to participate

                The Ethics Committee of the Affiliated Hospital of Qingdao University approved this study. Written informed consent for participation was obtained from each patient.

              
              
                Informed consent

                Written informed consent for publication was obtained from each patient.

              
              
                Conflict of interest

                The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

              
            

Additional information
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Xue, W., Dong, B., Zhao, Y. et al. Upregulation of TTYH3 promotes epithelial-to-mesenchymal transition through Wnt/β-catenin signaling and inhibits apoptosis in cholangiocarcinoma.
                    Cell Oncol. 44, 1351–1361 (2021). https://doi.org/10.1007/s13402-021-00642-9
Download citation
	Accepted: 21 October 2021

	Published: 19 November 2021

	Issue Date: December 2021

	DOI: https://doi.org/10.1007/s13402-021-00642-9


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	Cholangiocarcinoma
	TTYH3
	DNA methylation
	Proliferation
	Migration
	Epithelial-mesenchymal transition
	Wnt/β-catenin








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					52.91.103.49
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	






    