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            Abstract
Neuroblastoma, an embryonal tumour of the peripheral sympathetic nervous system, accounts for approximately 15% of all deaths due to childhood cancer1. High-risk neuroblastomas are rapidly progressive; even with intensive myeloablative chemotherapy, relapse is common and almost uniformly fatal2,3. Here we report the detection of previously unknown mutations in the ALK gene, which encodes a receptor tyrosine kinase, in 8% of primary neuroblastomas. Five non-synonymous sequence variations were identified in the kinase domain of ALK, of which three were somatic and two were germ line. The most frequent mutation, F1174L, was also identified in three different neuroblastoma cell lines. ALK complementary DNAs encoding the F1174L and R1275Q variants, but not the wild-type ALK cDNA, transformed interleukin-3-dependent murine haematopoietic Ba/F3 cells to cytokine-independent growth. Ba/F3 cells expressing these mutations were sensitive to the small-molecule inhibitor of ALK, TAE684 (ref. 4). Furthermore, two human neuroblastoma cell lines harbouring the F1174L mutation were also sensitive to the inhibitor. Cytotoxicity was associated with increased amounts of apoptosis as measured by TdT-mediated dUTP nick end labelling (TUNEL). Short hairpin RNA (shRNA)-mediated knockdown of ALK expression in neuroblastoma cell lines with the F1174L mutation also resulted in apoptosis and impaired cell proliferation. Thus, activating alleles of the ALK receptor tyrosine kinase are present in primary neuroblastoma tumours and in established neuroblastoma cell lines, and confer sensitivity to ALK inhibition with small molecules, providing a molecular rationale for targeted therapy of this disease.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: 
                        ALK
                         mutant alleles F1174L and R1275Q are activating in Ba/F3 cells and are sensitive to pharmacological inhibition.
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Figure 2: 
                        Neuroblastoma cell lines harbouring the F1174L ALK mutation, but not the R1275Q ALK mutation, are dependent on the altered protein for growth and survival.
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Figure 3: 
                        The constitutively activated F1174L ALK protein has a higher turnover rate than wild-type ALK in neuroblastoma cell lines.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Genomic ALK alterations in primary and relapsed neuroblastoma
                                        
                                    

                                    
                                        Article
                                         Open access
                                         17 February 2023
                                    

                                

                                Carolina Rosswog, Jana Fassunke, … Matthias Fischer

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The ETS transcription factor ETV5 is a target of activated ALK in neuroblastoma contributing to increased tumour aggressiveness
                                        
                                    

                                    
                                        Article
                                         Open access
                                         14 January 2020
                                    

                                

                                Liselot M. Mus, Irina Lambertz, … Frank Speleman

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Pan-neuroblastoma analysis reveals age- and signature-associated driver alterations
                                        
                                    

                                    
                                        Article
                                         Open access
                                         14 October 2020
                                    

                                

                                Samuel W. Brady, Yanling Liu, … Jinghui Zhang

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Accession codes

              
              
                Primary accessions

                
                  Gene Expression Omnibus
	
                      
                        GSM206563
                      

                    
	
                      
                        GSM206564
                      

                    


                
              
              
                Data deposits

                Microarray data have been submitted to the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) public database. The accession numbers for the SNP array analyses are GSM206563 and GSM206564.

              
            

References
	National Cancer Institute Surveillance, Epidemiology and End Results Database. &lt;http://seer.cancer.gov&gt; (2005)

	Matthay, K. K. et al. Treatment of high-risk neuroblastoma with intensive chemotherapy, radiotherapy, autologous bone marrow transplantation, and 13-cis-retinoic acid. Children’s Cancer Group. N. Engl. J. Med. 341, 1165–1173 (1999)
Article 
    CAS 
    
                    Google Scholar 
                

	George, R. E. et al. High risk neuroblastoma treated with tandem autologous peripheral-blood stem cell-supported transplant: long-term survival update. J. Clin. Oncol. 24, 2891–2896 (2006)
Article 
    
                    Google Scholar 
                

	Galkin, A. V. et al. Identification of NVP-TAE684, a potent, selective, and efficacious inhibitor of NPM-ALK. Proc. Natl Acad. Sci. USA 104, 270–275 (2007)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	George, R. E. et al. Genome-wide analysis of neuroblastomas using high-density single nucleotide polymorphism arrays. PLoS One 2, e255–264 (2007)
Article 
    ADS 
    
                    Google Scholar 
                

	Morris, S. W. et al. Fusion of a kinase gene, ALK, to a nucleolar protein gene, NPM, in non-Hodgkin’s lymphoma. Science 263, 1281–1284 (1994)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Soda, M. et al. Identification of the transforming EML4–ALK fusion gene in non-small-cell lung cancer. Nature 448, 561–566 (2007)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Rikova, K. et al. Global survey of phosphotyrosine signaling identifies oncogenic kinases in lung cancer. Cell 131, 1190–1203 (2007)
Article 
    CAS 
    
                    Google Scholar 
                

	Chiarle, R., Voena, C., Ambrogio, C., Piva, R. & Inghirami, G. The anaplastic lymphoma kinase in the pathogenesis of cancer. Nature Rev. Cancer 8, 11–23 (2008)
Article 
    CAS 
    
                    Google Scholar 
                

	The International HapMap Consortium. The International HapMap Project. Nature 426, 789–796 (2003)

	Greulich, H. et al. Oncogenic transformation by inhibitor-sensitive and -resistant EGFR mutants. PLoS Med. 2, e313 (2005)
Article 
    
                    Google Scholar 
                

	Stephens, P. et al. Lung cancer: intragenic ERBB2 kinase mutations in tumours. Nature 431, 525–526 (2004)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Lynch, T. J. et al. Activating mutations in the epidermal growth factor receptor underlying responsiveness of non-small-cell lung cancer to gefitinib. N. Engl. J. Med. 350, 2129–2139 (2004)
Article 
    CAS 
    
                    Google Scholar 
                

	Paez, J. G. et al. EGFR mutations in lung cancer: correlation with clinical response to gefitinib therapy. Science 304, 1497–1500 (2004)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Jiang, J. et al. Epidermal growth factor-independent transformation of Ba/F3 cells with cancer-derived epidermal growth factor receptor mutants induces gefitinib-sensitive cell cycle progression. Cancer Res. 65, 8968–8974 (2005)
Article 
    CAS 
    
                    Google Scholar 
                

	Fröhling, S. et al. Identification of driver and passenger mutations of FLT3 by high-throughput DNA sequence analysis and functional assessment of candidate alleles. Cancer Cell 12, 501–513 (2007)
Article 
    
                    Google Scholar 
                

	Koivunen, J. P. et al. EML4–ALK fusion gene and efficacy of an ALK kinase inhibitor in lung cancer. Clin. Cancer Res. 14, 4275–4283 (2008)
Article 
    CAS 
    
                    Google Scholar 
                

	Li, R. & Morris, S. W. Development of anaplastic lymphoma kinase (ALK) small-molecule inhibitors for cancer therapy. Med. Res. Rev. 28, 372–412 (2008)
Article 
    CAS 
    
                    Google Scholar 
                

	McDermott, U. et al. Genomic alterations of anaplastic lymphoma kinase may sensitize tumors to anaplastic lymphoma kinase inhibitors. Cancer Res. 68, 3389–3395 (2008)
Article 
    CAS 
    
                    Google Scholar 
                

	Lamant, L. et al. Expression of the ALK tyrosine kinase gene in neuroblastoma. Am. J. Pathol. 156, 1711–1721 (2000)
Article 
    CAS 
    
                    Google Scholar 
                

	Miyake, I. et al. Activation of anaplastic lymphoma kinase is responsible for hyperphosphorylation of ShcC in neuroblastoma cell lines. Oncogene 21, 5823–5834 (2002)
Article 
    CAS 
    
                    Google Scholar 
                

	Osajima-Hakomori, Y. et al. Biological role of anaplastic lymphoma kinase in neuroblastoma. Am. J. Pathol. 167, 213–222 (2005)
Article 
    CAS 
    
                    Google Scholar 
                

	Stommel, J. M. et al. Coactivation of receptor tyrosine kinases affects the response of tumor cells to targeted therapies. Science 318, 287–290 (2007)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Engelman, J. A. et al. MET amplification leads to gefitinib resistance in lung cancer by activating ERBB3 signaling. Science 316, 1039–1043 (2007)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Nakagawara, A. et al. Differential expression of pleiotrophin and midkine in advanced neuroblastomas. Cancer Res. 55, 1792–1797 (1995)
CAS 
    PubMed 
    
                    Google Scholar 
                

	Calvet, L. et al. Pleiotrophin, a candidate gene for poor tumor vasculature and in vivo neuroblastoma sensitivity to irinotecan. Oncogene 25, 3150–3159 (2006)
Article 
    CAS 
    
                    Google Scholar 
                

	Nickerson, D. A., Tobe, V. O. & Taylor, S. L. PolyPhred: automating the detection and genotyping of single nucleotide substitutions using fluorescence-based resequencing. Nucleic Acids Res. 25, 2745–2751 (1997)
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank J. Elechko and L. Moreau for technical assistance, A. Azarova for help with cell culture and cell growth assays, Q. Jiang and X. Cui for assistance during ALK small-molecule inhibitor development, and A. Kung for Ba/F3 cells and retroviral vectors. We acknowledge the Children’s Oncology Group for provision of neuroblastoma tumour and matched normal DNAs, and tumour touch prep slides. We thank J. Maris for neuroblastoma cell lines. We thank Abbott Molecular International for the Vysis LSI ALK Dual Color, Break Apart Rearrangement Probe. This work was supported by grants from the National Institutes of Health (R.E.G.), the Friends for Life Neuroblastoma Fund (R.E.G.), the Children’s Oncology Group (R.E.G.), Alex’s Lemonade Stand Foundation (M.H. and M.M.), NCI CA69129 (L.X. and S.W.M.), Cancer Center Core grant CA21765 (T.R.W., L.X. and S.W.M.), the American Lebanese Syrian Associated Charities and St. Jude Children’s Research Hospital (T.R.W., L.X. and S.W.M.).
Author Contributions R.E.G., M.M. and A.T.L. designed the experiments and wrote the manuscript. M.H., H.G. and M.M. performed the DNA sequencing and analysis. T.S., S.F., W.L., Y.A., H.G. and R.E.G. carried out the functional analyses. J.Z., W.Z. and N.S.G. performed the homology modelling and synthesis of TAE684. W.B.L. and P.M. performed the statistical analysis. S.Z., V.E.G. and T.R.W. were involved with the design of ALK inhibitors. L.X. and S.W.M. assisted with experimental design, provided reagents and advice on ALK inhibitors. M.M., L.D. and D.G.G. provided advice on the manuscript.


Author information
Author notes	Rani E. George, Takaomi Sanda and Megan Hanna: These authors contributed equally to this work.


Authors and Affiliations
	Department of Pediatric Oncology,, 
Rani E. George, Takaomi Sanda, William Luther II, Yebin Ahn, Lisa Diller & A. Thomas Look

	Department of Medical Oncology & Center for Cancer Genome Discovery, and, 
Megan Hanna, Heidi Greulich & Matthew Meyerson

	Department of Biological Chemistry and Molecular Pharmacology, Dana Farber Cancer Institute, Harvard Medical School, Boston, Massachusetts 02115, USA, 
Jianming Zhang, Wenjun Zhou & Nathanael S. Gray

	 Broad Institute of Harvard and MIT, Cambridge, Massachusetts 02142, USA , 
Megan Hanna, Heidi Greulich & Matthew Meyerson

	Division of Hematology, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts 02115, USA, 
Stefan Fröhling & D. Gary Gilliland

	 Children’s Oncology Group Statistics and Data Center, University of Florida, Gainesville, Florida 32601, USA , 
Wendy B. London & Patrick McGrady

	Departments of Pathology and Oncology, and, 
Liquan Xue & Stephan W. Morris

	Department of Chemical Biology and Therapeutics, St. Jude Children’s Research Hospital, Memphis, Tennessee 38105, USA, 
Thomas R. Webb

	 ChemBridge Research Laboratories Inc., San Diego, California 92127, USA , 
Sergey Zozulya & Vlad E. Gregor


Authors	Rani E. GeorgeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Takaomi SandaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Megan HannaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stefan FröhlingView author publications
You can also search for this author in
                        PubMed Google Scholar



	William Luther IIView author publications
You can also search for this author in
                        PubMed Google Scholar



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



	Yebin AhnView author publications
You can also search for this author in
                        PubMed Google Scholar



	Wenjun ZhouView author publications
You can also search for this author in
                        PubMed Google Scholar



	Wendy B. LondonView author publications
You can also search for this author in
                        PubMed Google Scholar



	Patrick McGradyView author publications
You can also search for this author in
                        PubMed Google Scholar



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



	Sergey ZozulyaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Vlad E. GregorView author publications
You can also search for this author in
                        PubMed Google Scholar



	Thomas R. WebbView author publications
You can also search for this author in
                        PubMed Google Scholar



	Nathanael S. GrayView author publications
You can also search for this author in
                        PubMed Google Scholar



	D. Gary GillilandView author publications
You can also search for this author in
                        PubMed Google Scholar



	Lisa DillerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Heidi GreulichView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stephan W. MorrisView author publications
You can also search for this author in
                        PubMed Google Scholar



	Matthew MeyersonView author publications
You can also search for this author in
                        PubMed Google Scholar



	A. Thomas LookView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding authors
Correspondence to
                Matthew Meyerson or A. Thomas Look.


Supplementary information

Supplementary Information
This file contains Supplementary Figures 1-3 with Legends, Supplementary Methods and a Supplementary Table 1. (PDF 790 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3




Rights and permissions
Reprints and permissions


About this article
Cite this article
George, R., Sanda, T., Hanna, M. et al. Activating mutations in ALK provide a therapeutic target in neuroblastoma.
                    Nature 455, 975–978 (2008). https://doi.org/10.1038/nature07397
Download citation
	Received: 07 June 2008

	Accepted: 18 August 2008

	Issue Date: 16 October 2008

	DOI: https://doi.org/10.1038/nature07397


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
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Comprehensive exploration of the involvement of cuproptosis in tumorigenesis and progression of neuroblastoma
                                    
                                

                            
                                
                                    	Rui Zhou
	Dongmei Huang
	Fangpeng Shu


                                
                                BMC Genomics (2023)

                            
	
                            
                                
                                    
                                        Genomic ALK alterations in primary and relapsed neuroblastoma
                                    
                                

                            
                                
                                    	Carolina Rosswog
	Jana Fassunke
	Matthias Fischer


                                
                                British Journal of Cancer (2023)

                            
	
                            
                                
                                    
                                        Circulating tumor DNA reveals mechanisms of lorlatinib resistance in patients with relapsed/refractory ALK-driven neuroblastoma
                                    
                                

                            
                                
                                    	Esther R. Berko
	Gabriela M. Witek
	Yaël P. Mossé


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Lorlatinib with or without chemotherapy in ALK-driven refractory/relapsed neuroblastoma: phase 1 trial results
                                    
                                

                            
                                
                                    	Kelly C. Goldsmith
	Julie R. Park
	Yael P. Mossé


                                
                                Nature Medicine (2023)

                            
	
                            
                                
                                    
                                        Recent advances in the developmental origin of neuroblastoma: an overview
                                    
                                

                            
                                
                                    	Mirco Ponzoni
	Tiziana Bachetti
	Patrizia Perri


                                
                                Journal of Experimental & Clinical Cancer Research (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Neuroblastoma: a genetic link to ALK
Neuroblastoma is the most common childhood cancer. There is a strong familial association and it was predicted over 30 years ago that there was a genetic element to the disease. Four groups now report the identification of mutations in the tyrosine kinase receptor ALK (anaplastic lymphoma kinase) in neuroblastoma patients. ALK acts as a neuroblastoma predisposition gene, and somatic point mutations occur in sporadic neuroblastoma cases. These mutations promote ALK's kinase activity and can transform cells and display tumorigenic activity in vivo. ALK inhibitors decrease neuroblastoma cell proliferation, so have potential as anticancer drugs.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    A ringleader identified
                

                
	Charis Eng



                
    
        
            Nature
        
        News & Views
        
        
            15 Oct 2008
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
