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                    Introduction: Acute myeloid leukemia (AML) with internal tandem duplication (ITD) mutations in Fms-like tyrosine kinase 3 (FLT3) has an unfavorable prognosis. Recently, using newly emerging inhibitors of FLT3 has led to improved outcomes of patients with FLT3-ITD mutations. However, drug resistance and relapse continue to be significant challenges in the treatment of patients with FLT3-ITD mutations. This study aimed to evaluate the antileukemic effects of shikonin (SHK) and its mechanisms of action against AML cells with FLT3-ITD mutations in vitro and in vivo. Methods: The CCK-8 assay was used to analyze cell viability, and flow cytometry was used to detect cell apoptosis and differentiation. Western blotting and real-time polymerase chain reaction were used to examine the expression of certain proteins and genes. Leukemia mouse model was created to evaluate the antileukemia effect of SHK against FLT3-ITD mutated leukemia in vivo. Results: After screening a series of leukemia cell lines, those with FLT3-ITD mutations were found to be more sensitive to SHK in terms of proliferation inhibition and apoptosis induction than those without FLT3-ITD mutation. SHK suppresses the expression and phosphorylation of FLT3 receptors and their downstream molecules. Inhibition of the NF-κB/miR-155 pathway is an important mechanism through which SHK kills FLT3-AML cells. Moreover, a low concentration of SHK promotes the differentiation of AML cells with FLT3-ITD mutations. Finally, SHK could significantly inhibit the growth of MV4-11 cells in leukemia bearing mice. Conclusion: The findings of this study indicate that SHK may be a promising drug for the treatment of FLT3-ITD mutated AML. 

                

                    
    
        
        
            Journal Section:

                Original Paper
        

        
            Keywords:

                    Acute myeloid leukemia,
                    FLT3-ITD mutations,
                    Receptor tyrosine kinase,
                    Apoptosis,
                    Differentiation
        



 
    


                    

                

                References

            
                
                    
                    1.Stone RM, Mandrekar SJ, Sanford BL, Laumann K, Geyer S, Bloomfield CD, et al. Midostaurin plus chemotherapy for acute myeloid leukemia with a FLT3 mutation. N Engl J Med. 2017;377(5):454–64.



2.Sugita M, Galetto R, Zong H, Ewing-Crystal N, Trujillo-Alonso V, Mencia-Trinchant N, et al. Allogeneic TCRαβ deficient CAR T-cells targeting CD123 in acute myeloid leukemia. Nat Commun. 2022;13(1):2227.



3.Knight TE, Edwards H, Meshinchi S, Taub JW, Ge Y. “FLipping” the story: FLT3-mutated acute myeloid leukemia and the evolving role of FLT3 inhibitors. Cancers. 2022;14(14):3398.



4.Patel JP, Gönen M, Figueroa ME, Fernandez H, Sun Z, Racevskis J, et al. Prognostic relevance of integrated genetic profiling in acute myeloid leukemia. N Engl J Med. 2012;366(12):1079–89.



5.Döhner H, Estey E, Grimwade D, Amadori S, Appelbaum FR, Büchner T, et al. Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel. Blood. 2017;129(4):424–47.



6.Perl AE, Martinelli G, Cortes JE, Neubauer A, Berman E, Paolini S, et al. Gilteritinib or chemotherapy for relapsed or refractory FLT3-mutated AML. N Engl J Med. 2019;381(18):1728–40.



7.Cortes JE, Khaled S, Martinelli G, Perl AE, Ganguly S, Russell N, et al. Quizartinib versus salvage chemotherapy in relapsed or refractory FLT3-ITD acute myeloid leukaemia (QuANTUM-R): a multicentre, randomised, controlled, open-label, phase 3 trial. Lancet Oncol. 2019;20(7):984–97.



8.Long S, GuangZhi Y, BaoJie G, Wei X, YanYong H, YingLi W, et al. Shikonin derivatives protect immune organs from damage and promote immune responses in vivo in tumour-bearing mice. Phytother Res. 2012;26(1):26–33.



9.Guo C, He J, Song X, Tan L, Wang M, Jiang P, et al. Pharmacological properties and derivatives of shikonin-a review in recent years. Pharmacol Res. 2019;149:104463.



10.Mao X, Yu CR, Li WH, Li WX. Induction of apoptosis by shikonin through a ROS/JNK-mediated process in Bcr/Abl-positive chronic myelogenous leukemia (CML) cells. Cell Res. 2008;18(8):879–88.



11.Duan D, Zhang B, Yao J, Liu Y, Fang J. Shikonin targets cytosolic thioredoxin reductase to induce ROS-mediated apoptosis in human promyelocytic leukemia HL-60 cells. Free Radic Biol Med. 2014;70:182–93.



12.Todorovic Z, Milovanovic J, Arsenijevic D, Vukovic N, Vukic M, Arsenijevic A, et al. Shikonin derivatives from onsoma visianii decrease expression of phosphorylated STAT3 in leukemia cells and exert antitumor activity. Nutrients. 2021;13(4):1147.



13.Chen Y, Wang T, Du J, Li Y, Wang X, Zhou Y, et al. The critical role of PTEN/PI3K/AKT signaling pathway in shikonin-induced apoptosis and proliferation inhibition of chronic myeloid leukemia. Cell Physiol Biochem. 2018;47(3):981–93.



14.Huang X, Chen Z, Ni F, Ye X, Qian W. Shikonin overcomes drug resistance and induces necroptosis by regulating the miR-92a-1-5p/MLKL axis in chronic myeloid leukemia. Aging. 2020;12(17):17662–80.



15.Trivedi R, Müller GA, Rathore MS, Mishra DP, Dihazi H. Anti-leukemic activity of shikonin: role of ERP57 in shikonin induced apoptosis in acute myeloid leukemia. Cell Physiol Biochem. 2016;39(2):604–16.



16.Zhang B, Chen N, Chen H, Wang Z, Zheng Q. The critical role of redox homeostasis in shikonin-induced HL-60 cell differentiation via unique modulation of the Nrf2/ARE pathway. Oxid Med Cell Longev. 2012;2012:781516.



17.Zhao Q, Assimopoulou AN, Klauck SM, Damianakos H, Chinou I, Kretschmer N, et al. Inhibition of c-MYC with involvement of ERK/JNK/MAPK and AKT pathways as a novel mechanism for shikonin and its derivatives in killing leukemia cells. Oncotarget. 2015;6(36):38934–51.



18.Shan ZL, Zhong L, Xiao CL, Gan LG, Xu T, Song H, et al. Shikonin suppresses proliferation and induces apoptosis in human leukemia NB4 cells through modulation of MAPKs and c-Myc. Mol Med Rep. 2017;16(3):3055–60.



19.Gerloff D, Grundler R, Wurm AA, Bräuer-Hartmann D, Katzerke C, Hartmann JU, et al. NF-κB/STAT5/miR-155 network targets PU.1 in FLT3-ITD-driven acute myeloid leukemia. Leukemia. 2015;29(3):535–47.



20.Wei B, Liu Y, Yue X, Li Y, Shang Y. Biological characteristics of tracheal smooth muscle cells regulated by NK-1R in asthmatic rat with airway remodeling. Int J Clin Exp Med. 2015;8(9):14718–26.



21.Staudt D, Murray HC, McLachlan T, Alvaro F, Enjeti AK, Verrills NM, et al. Targeting oncogenic signaling in mutant FLT3 acute myeloid leukemia: the path to least resistance. Int J Mol Sci. 2018;19(10):3198.



22.Hashimoto S, Xu Y, Masuda Y, Aiuchi T, Nakajo S, Uehara Y, et al. Beta-hydroxyisovalerylshikonin is a novel and potent inhibitor of protein tyrosine kinases. Jpn J Cancer Res. 2002;93(8):944–51.



23.Khalife J, Radomska HS, Santhanam R, Huang X, Neviani P, Saultz J, et al. Pharmacological targeting of miR-155 via the NEDD8-activating enzyme inhibitor MLN4924 (Pevonedistat) in FLT3-ITD acute myeloid leukemia. Leukemia. 2015;29(10):1981–92.



24.Prangsaengtong O, Jantaree P, Lirdprapamongkol K, Svasti J, Koizumi K. Shikonin suppresses lymphangiogenesis via NF-κB/HIF-1α axis inhibition. Biol Pharm Bull. 2018;41(11):1659–66.



25.Zhong J, Wang Z, Xie Q, Li T, Chen K, Zhu T, et al. Shikonin ameliorates D-galactose-induced oxidative stress and cognitive impairment in mice via the MAPK and nuclear factor-κB signaling pathway. Int Immunopharmacol. 2020;83:106491.



26.Boonnate P, Kariya R, Okada S. Shikonin induces ROS-dependent apoptosis via mitochondria depolarization and ER stress in adult T cell leukemia/lymphoma. Antioxidants. 2023;12(4):864.



27.Guo Z, Sun L, Xia H, Tian S, Liu M, Hou J, et al. Shikonin as a WT1 inhibitor promotes promyeloid leukemia cell differentiation. Molecules. 2022;27(23):8264.



28.Götze KS, Ramírez M, Tabor K, Small D, Matthews W, Civin CI. Flt3high and Flt3low CD34+ progenitor cells isolated from human bone marrow are functionally distinct. Blood. 1998;91(6):1947–58.



29.Meshinchi S, Alonzo TA, Stirewalt DL, Zwaan M, Zimmerman M, Reinhardt D, et al. Clinical implications of FLT3 mutations in pediatric AML. Blood. 2006;108(12):3654–61.



30.Zheng R, Friedman AD, Levis M, Li L, Weir EG, Small D. Internal tandem duplication mutation of FLT3 blocks myeloid differentiation through suppression of C/EBPalpha expression. Blood. 2004;103(5):1883–90.



31.Lee LY, Hernandez D, Rajkhowa T, Smith SC, Raman JR, Nguyen B, et al. Preclinical studies of gilteritinib, a next-generation FLT3 inhibitor. Blood. 2017;129(2):257–60.



32.Chang YT, Hernandez D, Alonso S, Gao M, Su M, Ghiaur G, et al. Role of CYP3A4 in bone marrow microenvironment-mediated protection of FLT3/ITD AML from tyrosine kinase inhibitors. Blood Adv. 2019;3(6):908–16.



33.Yang X, Sexauer A, Levis M. Bone marrow stroma-mediated resistance to FLT3 inhibitors in FLT3-ITD AML is mediated by persistent activation of extracellular regulated kinase. Br J Haematol. 2014;164(1):61–72.



34.Heidel F, Solem FK, Breitenbuecher F, Lipka DB, Kasper S, Thiede MH, et al. Clinical resistance to the kinase inhibitor PKC412 in acute myeloid leukemia by mutation of Asn-676 in the FLT3 tyrosine kinase domain. Blood. 2006;107(1):293–300.



35.Park IK, Mundy-Bosse B, Whitman SP, Zhang X, Warner SL, Bearss DJ, et al. Receptor tyrosine kinase Axl is required for resistance of leukemic cells to FLT3-targeted therapy in acute myeloid leukemia. Leukemia. 2015;29(12):2382–9.



36.Qiao X, Ma J, Knight T, Su Y, Edwards H, Polin L, et al. The combination of CUDC-907 and gilteritinib shows promising in vitro and in vivo antileukemic activity against FLT3-ITD AML. Blood Cancer J. 2021;11(6):111.



37.Zhao Q, Kretschmer N, Bauer R, Efferth T. Shikonin and its derivatives inhibit the epidermal growth factor receptor signaling and synergistically kill glioblastoma cells in combination with erlotinib. Int J Cancer. 2015;137(6):1446–56.



38.Yu Z, Gao J, Zhang X, Peng Y, Wei W, Xu J, et al. Characterization of a small-molecule inhibitor targeting NEMO/IKKβ to suppress colorectal cancer growth. Signal Transduct Target Ther. 2022;7(1):71.





                

        
        
 
                    








        


        
            
            © 2023 S. Karger AG, Basel
Copyright / Drug Dosage / Disclaimer
Copyright: All rights reserved. No part of this publication may be translated into other languages, reproduced or utilized in any form or by any means, electronic or mechanical, including photocopying, recording, microcopying, or by any information storage and retrieval system, without permission in writing from the publisher.
 Drug Dosage: The authors and the publisher have exerted every effort to ensure that drug selection and dosage set forth in this text are in accord with current recommendations and practice at the time of publication. However, in view of ongoing research, changes in government regulations, and the constant flow of information relating to drug therapy and drug reactions, the reader is urged to check the package insert for each drug for any changes in indications and dosage and for added warnings and precautions. This is particularly important when the recommended agent is a new and/or infrequently employed drug.
 Disclaimer: The statements, opinions and data contained in this publication are solely those of the individual authors and contributors and not of the publishers and the editor(s). The appearance of advertisements or/and product references in the publication is not a warranty, endorsement, or approval of the products or services advertised or of their effectiveness, quality or safety. The publisher and the editor(s) disclaim responsibility for any injury to persons or property resulting from any ideas, methods, instructions or products referred to in the content or advertisements. 
2023

        




        

    

    

 
    

                You do not currently have access to this content.


        


    





    


 
    


    
         
    

    
         
    





                




        
                Sign in

    
        
            Don't already have an account? Register
        

    

            
        
                
    
        

    
        
            
                

            

        


        

    
        
    
        


                Individual Login

                
                    LOGIN TO MY KARGER
                
        

            

 
    


                

                        Institutional Login


                    	Access via Shibboleth and OpenAthens
	
                                Access via username and password
                            


                



        

    

 
    


                

    
         
    

                    
                    
                
                            
                        

                        

                                    


        

        

    
    
                Digital Version

    
                    
                    Pay-Per-View Access

                                    $39.00

            

                    
                
                    BUY THIS Article
            

        
    


 
    

            

    
            

        
            1 Karger Article Bundle Token

                $150


            
                 Buy Token
            

        












    

 
    




    
        

    
        Rental
    


    
        
            This article is also available for rental through DeepDyve.
        

        
            
                
            
        
    



 
    

            
        

    
 
    
    
            

 
    



        
    
        
    

    

    
        
    

    

    
        
    

    

    
            

 
    


    



 
    

    
        
    

    

    
        



        
                
                    
                



    
            
                48
                Views
            



            
                    
    
            
    

         
 
    


                    


            

    

        
            View Metrics
        






                
                    
                        ×
                    

                

        


 
    


    



 
    

    
        
    

    

    
            
        Email alerts

        
                    
                        Online First Alert
                    

                    
                        Latest Issue Alert
                    

                                    
                

                Close Modal
            

        

    

 
    


    



 
    

    
        
    

    

    
        
    Citing articles via

    
                    
                Google Scholar
            

            


 
    


    



 
    

    
        
    

    

    
            
        	
                    Latest
                
	
                    Most Read
                
	
                    Most Cited
                


            




    


        

    
                Primary nodal Epstein-Barr virus-positive T-cell/NK-cell lymphoma: Real-world experience


    




    
                Impacts of Posttransplant Cyclophosphamide Dose on Graft-versus-leukemia Effects via HLA-B Leader in HLA-haploidentical Peripheral Blood Stem Cell Transplantation 


    




    
                Venous thromboembolism prophylaxis in inflammatory bowel disease inpatients – Systematic review and meta-analysis


    




    
                Erratum - Addendum to the German Consensus Recommendations on Ponatinib in the Treatment of Chronic Myeloid Leukemia


    




    
                Clinical outcomes, survival, and predictors in lower-risk myelodysplastic syndrome patients treated with cyclosporine A


    



        

        


    

            
            
            
            
            
    

 
    


    



 
    

    
        
    

    

    
            
        Suggested Reading


        
                
                    Abnormal Localization and Accumulation of FLT3-ITD, a Mutant Receptor Tyrosine Kinase Involved in Leukemogenesis
    Cells Tissues Organs (February,2008)


                

                
                    Expression and Relationship of SAMHD1 with Other Apoptotic and Autophagic Genes in Acute Myeloid Leukemia Patients
    Acta Haematol (August,2019)


                

                
                    Antitumor Activity of Bortezomib Alone and in Combination with Trail in Human Acute Myeloid Leukemia
    Acta Haematol (August,2008)


                

                
                    Kinase Inhibitors and Interferons as Other Myeloid Differentiation Inducers in Leukemia Therapy
    Acta Haematol (October,2021)


                

        

    

 
    


    



 
    

    
        
    

    

    
            

 
    


    



 
    


    



 
    


    



 
    


        


    
            

 
    





    
 





    
         
    





    
         
    

 
            

        
    

    
    

    
        




    
            

 
    







    
            

 
    






    
            
        
        

    
        	Online ISSN 1421-9662
	Print ISSN 0001-5792


    

    

 
    





        
    
        



    
    









INFORMATION

	
    Contact & Support
    
	
    Information & Downloads
    
	
    Rights & Permissions
    
	
    Terms & Conditions
    
	
    Catalogue & Pricing
    
	
    Policies & Information
    









ABOUT US

	
    Company
    
	
    People & Organization
    
	
    Newsroom
    
	
    Careers
    
	
    Stay Up-to-Date
    
	
    Regional Offices
    
	
    Community Voice
    









SERVICES FOR

	
    Researchers
    
	
    Authors
    
	
    Reviewers
    
	
    Healthcare Professionals
    
	
    Patients & Supporters
    
	
    Librarians
    
	
    Health Sciences Industry
    
	
    Medical Societies
    
	
    Agents & Booksellers
    






















Karger International

	S. Karger AG
	P.O Box, CH-4009 Basel (Switzerland)
	Allschwilerstrasse 10, CH-4055 Basel




	Tel: +41 61 306 11 11
	Fax: +41 61 306 12 34
	Email: service@karger.com












	
    Facebook
    
	
    LinkedIn
    
	
    X
    
	
    YouTube
    
	
    WeChat
    
	
    Experience Blog
    

















	
    Privacy Policy
    
	
    Terms of Use
    
	
    Imprint
    
	
    Cookies
    
	©
    
    S. Karger AG, Basel









 
    




        





    
        



    
    





 
    







    
            

 
    




    





    
    


    
        
    

    Close Modal




    
        

    

    Close Modal





    
            
                This Feature Is Available To Subscribers Only

                Sign In or Create an Account

            



        Close Modal
    




    Close Modal
    
        

    



 
    


    







    
    
























    


    
  
    






    

        
    
    




    

    
            

 
    


    




        
    

