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Abstract

Purpose
Preclinical models of chemotherapy resistance and clinical observations derived from the prospective multicenter phase III collaborative trial in relapsed aggressive lymphoma (CORAL) study demonstrated that primary refractory/relapsed B cell diffuse large B cell lymphoma has a poor clinical outcome with current available second-line treatments. Preclinically, we found that rituximab resistance is associated with a deregulation on the mitochondrial potential rendering lymphoma cells resistant to chemotherapy-induced apoptotic stimuli. There is a dire need to develop agents capable to execute alternative pathways of cell death in an attempt to overcome chemotherapy resistance. Posttranscriptional histone modification plays an important role in regulating gene transcription and is altered by histone acetyltransferases (HATs) and histone deacetylases (HDACs). HDACs regulate several key cellular functions, including cell proliferation, cell cycle, apoptosis, angiogenesis, migration, antigen presentation, and/or immune regulation. Given their influence in multiple regulatory pathways, HDAC inhibition is an attractive strategy to evaluate its anti-proliferation activity in cancer cells. To this end, we studied the anti-proliferation activity and mechanisms of action of suberoylanilide hydroxamic acid (SAHA, vorinostat) in rituximab–chemotherapy-resistant preclinical models.
Methods
A panel of rituximab–chemotherapy-sensitive (RSCL) and rituximab–chemotherapy-resistant cell lines (RRCL) and primary tumor cells isolated from relapsed/refractory B cell lymphoma patients were exposed to escalating doses of vorinostat. Changes in mitochondrial potential, ATP synthesis, and cell cycle distribution were determined by Alamar blue reduction, Titer-Glo luminescent assays, and flow cytometric, respectively. Protein lysates were isolated from vorinostat-exposed cells, and changes in members of Bcl-2 family, cell cycle regulatory proteins, and the acetylation status of histone H3 were evaluated by Western blotting. Finally, cell lines were pre-exposed to vorinostat for 48 h and subsequently exposed to several chemotherapy agents (cisplatin, etoposide, or gemcitabine); changes in cell viability were determined by CellTiter-Glo® luminescence assay (Promega, Fitchburg, WI), and synergistic activity was evaluated using the CalcuSyn software.
Results
Vorinostat induced dose-dependent cell death in RRCL and in primary tumor cells. In addition, in vitro exposure of RRCL to vorinostat resulted in an increase in p21 and acetylation of histone H3 leading to G1 cell cycle arrest. Vorinostat exposure resulted in apoptosis in RSCL cell lines but not in RRCL. This finding suggests that in RRCL, vorinostat induces cell death by alternative pathways (i.e., irreversible cell cycle arrest). Of interest, vorinostat was found to reverse acquired chemotherapy resistance in RRCL.
Conclusions
Our data suggest that vorinostat is active in RRCL with a known defective apoptotic machinery, it can active alternative cell death pathways. Given the multiple pathways affected by HDAC inhibition, vorinostat can potentially be used to overcome acquired resistant to chemotherapy in aggressive B cell lymphoma.
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	SAHA:
	
                    Suberoylanilide hydroxamic acid

                  
	RSCL:
	
                    Rituximab–chemotherapy-sensitive cell lines

                  
	RRCL:
	
                    Rituximab–chemotherapy-resistant cell lines

                  
	CDDP:
	
                    Cisplatin

                  
	GEM:
	
                    Gemcitabine

                  
	VP-16:
	
                    Etoposide

                  
	VOR:
	
                    Vorinostat

                  
	US:
	
                    The USA

                  
	FDA:
	
                    Food and drug administration

                  
	TRAIL:
	
                    TNF-related apoptosis-inducing ligand

                  
	DACs:
	
                    Deacetylases

                  
	MACS:
	
                    Magnetic-activated cell sorting

                  
	MOA:
	
                    Mechanism of action

                  



References
	Al-Yacoub N, Fecker LF, Mobs M, Plotz M, Braun FK, Sterry W, Eberle J (2012) Apoptosis induction by SAHA in cutaneous T-cell lymphoma cells is related to downregulation of c-FLIP and enhanced TRAIL signaling. J Invest Dermatol 132:2263–2274. doi:10.1038/jid.2012.125
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Arnold NB, Arkus N, Gunn J, Korc M (2007) The histone deacetylase inhibitor suberoylanilide hydroxamic acid induces growth inhibition and enhances gemcitabine-induced cell death in pancreatic cancer. Clin cancer res Off J Am Assoc Cancer Res 13:18–26. doi:10.1158/1078-0432.CCR-06-0914
                        
Article 
    CAS 
    
                    Google Scholar 
                

	Baluom M, Grossbard EB, Mant T, Lau DT (2013) Pharmacokinetics of fostamatinib, a spleen tyrosine kinase (SYK) inhibitor, in healthy human subjects following single and multiple oral dosing in three phase I studies. Br J Clin Pharmacol 76:78–88. doi:10.1111/bcp.12048
                        
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Bolden JE, Peart MJ, Johnstone RW (2006) Anticancer activities of histone deacetylase inhibitors. Nat rev Drug discov 5:769–784. doi:10.1038/nrd2133
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Chen S, Zhao Y, Gou WF, Zhao S, Takano Y, Zheng HC (2013) The anti-tumor effects and molecular mechanisms of suberoylanilide hydroxamic acid (SAHA) on the aggressive phenotypes of ovarian carcinoma cells. PLoS One 8:e79781. doi:10.1371/journal.pone.0079781
                        
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Czuczman MS et al (2008) Acquirement of rituximab resistance in lymphoma cell lines is associated with both global CD20 gene and protein down-regulation regulated at the pretranscriptional and posttranscriptional levels. Clin Cancer Res Off J Am Assoc Cancer Res 14:1561–1570. doi:10.1158/1078-0432.CCR-07-1254
                        
Article 
    CAS 
    
                    Google Scholar 
                

	Gisselbrecht C et al (2010) Salvage regimens with autologous transplantation for relapsed large B-cell lymphoma in the rituximab era. J clin oncol off j Am Soc Clin Oncol 28:4184–4190. doi:10.1200/JCO.2010.28.1618
                        
Article 
    
                    Google Scholar 
                

	Grant S, Dai Y (2012) Histone deacetylase inhibitors and rational combination therapies. Adv Cancer Res 116:199–237. doi:10.1016/B978-0-12-394387-3.00006-9
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Gu JJ, Hernandez-Ilizaliturri FJ, Kaufman GP, Czuczman NM, Mavis C, Skitzki JJ, Czuczman MS (2013) The novel proteasome inhibitor carfilzomib induces cell cycle arrest, apoptosis and potentiates the anti-tumour activity of chemotherapy in rituximab-resistant lymphoma. Br J Haematol 162:657–669. doi:10.1111/bjh.12452
                        
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Iwamoto M, Friedman EJ, Sandhu P, Agrawal NG, Rubin EH, Wagner JA (2013) Clinical pharmacology profile of vorinostat, a histone deacetylase inhibitor. Cancer Chemother Pharmacol 72:493–508. doi:10.1007/s00280-013-2220-z
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Kewitz S, Bernig T, Staege MS (2012) Histone deacetylase inhibition restores cisplatin sensitivity of Hodgkin’s lymphoma cells. Leuk Res 36:773–778. doi:10.1016/j.leukres.2012.02.021
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Marks PA, Jiang X (2005) Histone deacetylase inhibitors in programmed cell death and cancer therapy. Cell Cycle 4:549–551
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Marks PA, Richon VM, Kelly WK, Chiao JH, Miller T (2004) Histone deacetylase inhibitors: development as cancer therapy. Novartis foundation symposium 259:269–281, discussion 281–268

	Maxwell SA, Mousavi-Fard S (2013) Non-Hodgkin’s B-cell lymphoma: advances in molecular strategies targeting drug resistance. Exp Biol Med 238:971–990. doi:10.1177/1535370213498985
                        
Article 
    
                    Google Scholar 
                

	Newbold A, Salmon JM, Martin BP, Stanley K, Johnstone RW (2013) The role of p21 and p27 in HDACi-mediated tumor cell death and cell cycle arrest in the Emu-myc model of B-cell lymphoma. Oncogene 33:5415–5423. doi:10.1038/onc.2013.482
                        
Article 
    PubMed 
    
                    Google Scholar 
                

	Niculescu AB 3rd, Chen X, Smeets M, Hengst L, Prives C, Reed SI (1998) Effects of p21(Cip1/Waf1) at both the G1/S and the G2/M cell cycle transitions: pRb is a critical determinant in blocking DNA replication and in preventing endoreduplication. Mol Cell Biol 18:629–643
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Olejniczak SH, Hernandez-Ilizaliturri FJ, Clements JL, Czuczman MS (2008) Acquired resistance to rituximab is associated with chemotherapy resistance resulting from decreased Bax and Bak expression. Clin Cancer Res Off J Am Assoc Cancer Res 14:1550–1560. doi:10.1158/1078-0432.CCR-07-1255
                        
Article 
    CAS 
    
                    Google Scholar 
                

	Ong PS, Wang XQ, Lin HS, Chan SY, Ho PC (2012) Synergistic effects of suberoylanilide hydroxamic acid combined with cisplatin causing cell cycle arrest independent apoptosis in platinum-resistant ovarian cancer cells. Int J Oncol 40:1705–1713. doi:10.3892/ijo.2012.1354
                        
PubMed 
    CAS 
    
                    Google Scholar 
                

	Park C et al (2014) Momilactone B induces apoptosis and G1 arrest of the cell cycle in human monocytic leukemia U937 cells through downregulation of pRB phosphorylation and induction of the cyclin-dependent kinase inhibitor p21Waf1/Cip1. Oncol Rep 31:1653–1660. doi:10.3892/or.2014.3008
                        
PubMed 
    CAS 
    
                    Google Scholar 
                

	Resnitzky D, Gossen M, Bujard H, Reed SI (1994) Acceleration of the G1/S phase transition by expression of cyclins D1 and E with an inducible system. Mol Cell Biol 14:1669–1679
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Saba NS, Levy LS (2012) Protein kinase C-beta inhibition induces apoptosis and inhibits cell cycle progression in acquired immunodeficiency syndrome-related non-Hodgkin lymphoma cells Journal of investigative medicine : the official publication of the American Federation for. Clin Res 60:29–38. doi:10.231/JIM.0b013e318237eb55
                        
CAS 
    
                    Google Scholar 
                

	Savini P, Lanzi A, Foschi FG, Marano G, Stefanini GF (2014) Lenalidomide monotherapy in relapsed primary cutaneous diffuse large B cell lymphoma-leg type. Ann Hematol 93:333–334. doi:10.1007/s00277-013-1787-0
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Siegel RL, Miller KD (2015) Jemal A (2015) Cancer statistics. CA Cancer J Clin 65:5–29. doi:10.3322/caac.21254
                        
Article 
    PubMed 
    
                    Google Scholar 
                

	Thompson RC, Vardinogiannis I, Gilmore TD (2013) The sensitivity of diffuse large B-cell lymphoma cell lines to histone deacetylase inhibitor-induced apoptosis is modulated by BCL-2 family protein activity. PLoS One 8:e62822. doi:10.1371/journal.pone.0062822
                        
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Wong KK et al (2014) Reciprocal expression of the endocytic protein HIP1R and its repressor FOXP1 predicts outcome in R-CHOP-treated diffuse large B-cell lymphoma patients. Leukemia 28:362–372. doi:10.1038/leu.2013.224
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Zang C, Eucker J, Liu H, Coordes A, Lenarz M, Possinger K, Scholz CW (2014) Inhibition of pan-class I phosphatidyl-inositol-3-kinase by NVP-BKM120 effectively blocks proliferation and induces cell death in diffuse large B-cell lymphoma. Leuk lymphoma 55:425–434. doi:10.3109/10428194.2013.806800
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgments
This study was supported by grants from National Natural Science Foundation of China (No. 81400161), National Cancer Institute of US (Targeting the proteasome to overcome therapy resistance; Sponsor Award number 5RO1CA136907-02), a 2012–2013 Developmental Funds award from the Roswell Park Alliance Foundation (biological activity of histone deacetylase inhibitors in the treatment for pediatric lymphoma) and The Eugene and Connie Corasanti Lymphoma Research Fund.

                Author contributions

                KX., J.G., C.M., and Q.Z. performed research; F.J.H.I., M.S.C., and Y.G. designed the research study; K.X, J.G., C.M., M.S.C., Y.G., and F.J.H.I. analyzed the data; K.X., F.J.H.I., M.S.C., and Y.G. wrote the paper.

              

Author information
Author notes
Authors and Affiliations
	Department of Medical Oncology, Fudan University Shanghai Cancer Center, Shanghai, People’s Republic of China
Kai Xue, Qunling Zhang & Ye Guo

	Department of Oncology, Shanghai Medical College, Fudan University, Shanghai, People’s Republic of China
Kai Xue, Qunling Zhang & Ye Guo

	Departments of Medicine and Immunology, Roswell Park Cancer Institute, Buffalo, NY, USA
Juan J. Gu, Cory Mavis, Francisco J. Hernandez-Ilizaliturri & Myron S. Czuczman


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



	Juan J. GuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Qunling ZhangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Cory MavisView author publications
You can also search for this author in
                        PubMed Google Scholar



	Francisco J. Hernandez-IlizaliturriView author publications
You can also search for this author in
                        PubMed Google Scholar



	Myron S. CzuczmanView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ye GuoView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Ye Guo.


Ethics declarations

              
              
                Conflict of interest

                All authors have no conflict of interests.

              
            

Additional information
Kai Xue and Juan J. Gu have contributed equally to this work.


Rights and permissions
Reprints and permissions


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



Cite this article
Xue, K., Gu, J.J., Zhang, Q. et al. Vorinostat, a histone deacetylase (HDAC) inhibitor, promotes cell cycle arrest and re-sensitizes rituximab- and chemo-resistant lymphoma cells to chemotherapy agents.
                    J Cancer Res Clin Oncol 142, 379–387 (2016). https://doi.org/10.1007/s00432-015-2026-y
Download citation
	Received: 05 January 2015

	Accepted: 04 August 2015

	Published: 28 August 2015

	Issue Date: February 2016

	DOI: https://doi.org/10.1007/s00432-015-2026-y


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
	Vorinostat
	Chemotherapy resistance
	Lymphoma
	Histone deacetylase inhibitors








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        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
						
						
					


		
	
	
		
			
				
					
					54.198.126.36
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	






    