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            Abstract
Variable, diversity and joining gene segment (V(D)J) recombination assembles immunoglobulin heavy or light chain (IgH or IgL) variable region exons in developing bone marrow B cells, whereas class switch recombination (CSR) exchanges IgH constant region exons in peripheral Bâ€‰cells. Both processes use directed DNA double-strand breaks (DSBs) repaired by non-homologous end-joining (NHEJ). Errors in either V(D)J recombination or CSR can initiate chromosomal translocations, including oncogenic IgH locus (Igh) to c-myc (also known as Myc) translocations of peripheral B cell lymphomas. Collaboration between these processes has also been proposed to initiate translocations. However, the occurrence of V(D)J recombination in peripheral B cells is controversial. Here we show that activated NHEJ-deficient splenic B cells accumulate V(D)J-recombination-associated breaks at the lambda IgL locus (Igl), as well as CSR-associated Igh breaks, often in the same cell. Moreover, Igl and Igh breaks are frequently joined to form translocations, a phenomenon associated with specific Ighâ€“Igl co-localization. Igh and c-myc also co-localize in these cells; correspondingly, the introduction of frequent c-myc DSBs robustly promotes Ighâ€“c-myc translocations. Our studies show peripheral B cells that attempt secondary V(D)J recombination, and determine a role for mechanistic factors in promoting recurrent translocations in tumours.
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                    Figure 1: Role of AID and RAG in generating  Igh, Igk  and  Igl  breaks in  CD21-cre, Xrcc4c/- splenic B cells.[image: ]


Figure 2: 
                        Frequent 
                        Ighâ€“Igl
                         translocations in activated XRCC4-deficient splenic B cells.
                      [image: ]


Figure 3: 
                        Frequent cell-type and IgÎ» locus-specific 
                        Igh
                         and 
                        Igl
                         co-localization.
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Figure 4: 
                        DSBs in 
                        c-myc
                         are rate-limiting for 
                        Ighâ€“c-myc
                         translocations in activated splenic B cells.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Fundamental roles of chromatin loop extrusion in antibody class switching
                                        
                                    

                                    
                                        Article
                                        
                                         30 October 2019
                                    

                                

                                Xuefei Zhang, Yu Zhang, â€¦ Frederick W. Alt

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The histone methyltransferase Setd2 is indispensable for V(D)J recombination
                                        
                                    

                                    
                                        Article
                                         Open access
                                         26 July 2019
                                    

                                

                                Zhongzhong Ji, Yaru Sheng, â€¦ Helen He Zhu

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Igh and Igk loci use different folding principles for V gene recombination due to distinct chromosomal architectures of pro-B and pre-B cells
                                        
                                    

                                    
                                        Article
                                         Open access
                                         21 April 2023
                                    

                                

                                Louisa Hill, Gordana Wutz, â€¦ Meinrad Busslinger

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Jung, D. & Alt, F. W. Unraveling V(D)J recombination; insights into gene regulation. Cell 116, 299â€“311 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rooney, S., Chaudhuri, J. & Alt, F. W. The role of the non-homologous end-joining pathway in lymphocyte development. Immunol. Rev. 200, 115â€“131 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bassing, C. H., Swat, W. & Alt, F. W. The mechanism and regulation of chromosomal V(D)J recombination. Cell 109, S45â€“S55 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gorman, J. R. & Alt, F. W. Regulation of immunoglobulin light chain isotype expression. Adv. Immunol. 69, 113â€“181 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gay, D., Saunders, T., Camper, S. & Weigert, M. Receptor editing: an approach by autoreactive B cells to escape tolerance. J. Exp. Med. 177, 999â€“1008 (1993)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tiegs, S. L., Russell, D. M. & Nemazee, D. Receptor editing in self-reactive bone marrow B cells. J. Exp. Med. 177, 1009â€“1020 (1993)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nemazee, D. Receptor editing in lymphocyte development and central tolerance. Nature Rev. Immunol. 6, 728â€“740 (2006)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jankovic, M., Casellas, R., Yannoutsos, N., Wardemann, H. & Nussenzweig, M. C. RAGs and regulation of autoantibodies. Annu. Rev. Immunol. 22, 485â€“501 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chaudhuri, J. et al. Evolution of the immunoglobulin heavy chain class switch recombination mechanism. Adv. Immunol. 94, 157â€“214 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yan, C. T. et al. IgH class switching and translocations use a robust non-classical end-joining pathway. Nature 449, 478â€“482 (2007)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nemazee, D. & Weigert, M. Revising B cell receptors. J. Exp. Med. 191, 1813â€“1817 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Seagal, J. & Melamed, D. Role of receptor revision in forming a B cell repertoire. Clin. Immunol. 105, 1â€“8 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wilson, P. C. et al. Receptor revision of immunoglobulin heavy chain variable region genes in normal human B lymphocytes. J. Exp. Med. 191, 1881â€“1894 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Goossens, T., Brauninger, A., Klein, U., Kuppers, R. & Rajewsky, K. Receptor revision plays no major role in shaping the receptor repertoire of human memory B cells after the onset of somatic hypermutation. Eur. J. Immunol. 31, 3638â€“3648 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kuppers, R. & Dalla-Favera, R. Mechanisms of chromosomal translocations in B cell lymphomas. Oncogene 20, 5580â€“5594 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Janz, S. Myc translocations in B cell and plasma cell neoplasms. DNA Repair (Amst.) 5, 1213â€“1224 (2006)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gostissa, M., Ranganath, S., Bianco, J. M. & Alt, F. W. Chromosomal location targets different MYC family gene members for oncogenic translocations. Proc. Natl Acad. Sci. USA 106, 2265â€“2270 (2009)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kozubek, S. et al. Distribution of ABL and BCR genes in cell nuclei of normal and irradiated lymphocytes. Blood 89, 4537â€“4545 (1997)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Neves, H., Ramos, C., da Silva, M. G., Parreira, A. & Parreira, L. The nuclear topography of ABL, BCR, PML, and RARÎ± genes: evidence for gene proximity in specific phases of the cell cycle and stages of hematopoietic differentiation. Blood 93, 1197â€“1207 (1999)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Nikiforova, M. N. et al. Proximity of chromosomal loci that participate in radiation-induced rearrangements in human cells. Science 290, 138â€“141 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Roix, J. J., McQueen, P. G., Munson, P. J., Parada, L. A. & Misteli, T. Spatial proximity of translocation-prone gene loci in human lymphomas. Nature Genet. 34, 287â€“291 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Osborne, C. S. et al. Myc dynamically and preferentially relocates to a transcription factory occupied by IgH. PLoS Biol. 5, e192 (2007)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Meaburn, K. J., Misteli, T. & Soutoglou, E. Spatial genome organization in the formation of chromosomal translocations. Semin. Cancer Biol. 17, 80â€“90 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tsai, A. G. et al. Human chromosomal translocations at CpG sites and a theoretical basis for their lineage and stage specificity. Cell 135, 1130â€“1142 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mahowald, G. K., Baron, J. M. & Sleckman, B. P. Collateral damage from antigen receptor gene diversification. Cell 135, 1009â€“1012 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ramiro, A. R. et al. AID is required for c-myc/IgH chromosome translocations in vivo. Cell 118, 431â€“438 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ramiro, A. et al. The role of activation-induced deaminase in antibody diversification and chromosome translocations. Adv. Immunol. 94, 75â€“107 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kovalchuk, A. L. et al. AID-deficient Bcl-xL transgenic mice develop delayed atypical plasma cell tumors with unusual Ig/Myc chromosomal rearrangements. J. Exp. Med. 204, 2989â€“3001 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Robbiani, D. F. et al. AID is required for the chromosomal breaks in c-myc that lead to c-myc/IgH translocations. Cell 135, 1028â€“1038 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jager, U. et al. Follicular lymphomasâ€™ BCL-2/IgH junctions contain templated nucleotide insertions: novel insights into the mechanism of t(14;18) translocation. Blood 95, 3520â€“3529 (2000)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lieber, M. R., Yu, K. & Raghavan, S. C. Roles of nonhomologous DNA end joining, V(D)J recombination, and class switch recombination in chromosomal translocations. DNA Repair (Amst.) 5, 1234â€“1245 (2006)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Callen, E. et al. ATM prevents the persistence and propagation of chromosome breaks in lymphocytes. Cell 130, 63â€“75 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, Z. et al. The XRCC4 gene encodes a novel protein involved in DNA double-strand break repair and V(D)J recombination. Cell 83, 1079â€“1089 (1995)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gao, Y. et al. A critical role for DNA end-joining proteins in both lymphogenesis and neurogenesis. Cell 95, 891â€“902 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Soulas-Sprauel, P. et al. Role for DNA repair factor XRCC4 in immunoglobulin class switch recombination. J. Exp. Med. 204, 1717â€“1727 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wang, J. H. et al. Oncogenic transformation in the absence of Xrcc4 targets peripheral B cells that have undergone editing and switching. J. Exp. Med. 205, 3079â€“3090 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kraus, M., Alimzhanov, M. B., Rajewsky, N. & Rajewsky, K. Survival of resting mature B lymphocytes depends on BCR signaling via the IgÎ±/Î² heterodimer. Cell 117, 787â€“800 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Muramatsu, M. et al. Class switch recombination and hypermutation require activation-induced cytidine deaminase (AID), a potential RNA editing enzyme. Cell 102, 553â€“563 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gartner, F., Alt, F. W., Monroe, R. J. & Seidl, K. J. Antigen-independent appearance of recombination activating gene (RAG)-positive bone marrow B cells in the spleens of immunized mice. J. Exp. Med. 192, 1745â€“1754 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hao, Z. & Rajewsky, K. Homeostasis of peripheral B cells in the absence of B cell influx from the bone marrow. J. Exp. Med. 194, 1151â€“1164 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Schrader, C. E., Linehan, E. K., Mochegova, S. N., Woodland, R. T. & Stavnezer, J. Inducible DNA breaks in Ig S regions are dependent on AID and UNG. J. Exp. Med. 202, 561â€“568 (2005)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Plessis, A., Perrin, A., Haber, J. E. & Dujon, B. Site-specific recombination determined by I-SceI, a mitochondrial group I intron-encoded endonuclease expressed in the yeast nucleus. Genetics 130, 451â€“460 (1992)
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Zarrin, A. A. et al. Antibody class switching mediated by yeast endonuclease-generated DNA breaks. Science 315, 377â€“381 (2007)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lahvis, G. P. & Cerny, J. Induction of germinal center B cell markers in vitro by activated CD4+ T lymphocytes: the role of CD40 ligand, soluble factors, and B cell antigen receptor cross-linking. J. Immunol. 159, 1783â€“1793 (1997)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Monroe, R. J. et al. RAG2:GFP knockin mice reveal novel aspects of RAG2 expression in primary and peripheral lymphoid tissues. Immunity 11, 201â€“212 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yu, W. et al. Continued RAG expression in late stages of B cell development and no apparent re-induction after immunization. Nature 400, 682â€“687 (1999)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cremer, T. & Cremer, C. Chromosome territories, nuclear architecture and gene regulation in mammalian cells. Nature Rev. Genet. 2, 292â€“301 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhu, C. et al. Unrepaired DNA breaks in p53-deficient cells lead to oncogenic gene amplification subsequent to translocations. Cell 109, 811â€“821 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Roth, D. B. Amplifying mechanisms of lymphomagenesis. Mol. Cell 10, 1â€“2 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	McVey, M. & Lee, S. E. MMEJ repair of double-strand breaks (directorâ€™s cut): deleted sequences and alternative endings. Trends Genet. 24, 529â€“538 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank Alt laboratory members for discussions, and Y. L. Chen, J. M. Bianco and M. Moghimi for technical assistance. This work was supported by the National Insitutes of Health (NIH) grant 5P01CA92625 and a Leukemia and Lymphoma Society of America (LLS) SCORE grant to F.W.A. and K.R. M.G. is and J.H.W. was a Special Fellow of the LLS. J.H.W. and D.R.W. are supported by an NIH training grant and C.T.Y. was supported by an NCI training grant. A.N. is supported by the Intramural Research program of the NIH, NCI, Center for Cancer Research. F.W.A. is an Investigator of the Howard Hughes Medical Institute.
Author Contributions F.W.A., J.H.W., M.G. and C.T.Y. planned studies and interpreted data. J.H.W. performed most experiments, including mouse breeding, B cell studies, FISH, and Igh and Igl PCR studies. C.T.Y. bred mice and performed B cell analyses. M.G. generated and analysed c-myc25IsceI/WT mice and performed FISH and Ighâ€“c-myc translocation studies. P.G., T.H., and E.H. provided technical assistance. S.D. and A.N. provided expertise in 3D interphase FISH. A.A.Z. generated the 25 IsceI array. D.R.W. performed RAG expression studies and mesenteric lymph node B cell analyses. K.R. provided RAG conditional knockout mice and helped interpret data. F.W.A., J.H.W. and M.G. wrote the paper.


Author information
Author notes	Ali A. Zarrin
Present address: Present address: Ali A. Zarrin, Immunology Discovery Group, Genentech, South San Francisco, California 94080, USA., 

	Jing H. Wang, Monica Gostissa and Catherine T. Yan: These authors contributed equally to this work.


Authors and Affiliations
	Howard Hughes Medical Institute,, 
Jing H. Wang,Â Monica Gostissa,Â Catherine T. Yan,Â Peter Goff,Â Thomas Hickernell,Â Erica Hansen,Â Duane R. Wesemann,Â Ali A. ZarrinÂ &Â Frederick W. Alt

	The Childrenâ€™s Hospital,, 
Jing H. Wang,Â Monica Gostissa,Â Catherine T. Yan,Â Peter Goff,Â Thomas Hickernell,Â Erica Hansen,Â Duane R. Wesemann,Â Ali A. ZarrinÂ &Â Frederick W. Alt

	Immune Disease Institute,, 
Jing H. Wang,Â Monica Gostissa,Â Catherine T. Yan,Â Peter Goff,Â Thomas Hickernell,Â Erica Hansen,Â Duane R. Wesemann,Â Ali A. Zarrin,Â Klaus RajewskyÂ &Â Frederick W. Alt

	Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, USA, 
Jing H. Wang,Â Monica Gostissa,Â Catherine T. Yan,Â Peter Goff,Â Thomas Hickernell,Â Erica Hansen,Â Duane R. Wesemann,Â Ali A. ZarrinÂ &Â Frederick W. Alt

	Experimental Immunology Branch, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20892, USA, 
Simone DifilippantonioÂ &Â Andre Nussenzweig

	Division of Rheumatology, Department of Medicine, Allergy and Immunology, Brigham and Womenâ€™s Hospital, Boston, Massachusetts 02115, USA, 
Duane R. Wesemann


Authors	Jing H. WangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Monica GostissaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Catherine T. YanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Peter GoffView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Thomas HickernellView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Erica HansenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Simone DifilippantonioView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Duane R. WesemannView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ali A. ZarrinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Klaus RajewskyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Andre NussenzweigView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Frederick W. AltView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Frederick W. Alt.


Supplementary information

Supplementary Information
This file contains Supplementary Figures 1-15 with Legends and Supplementary Tables 1-16. (PDF 5154 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
Cite this article
Wang, J., Gostissa, M., Yan, C. et al. Mechanisms promoting translocations in editing and switching peripheral B cells.
                    Nature 460, 231â€“236 (2009). https://doi.org/10.1038/nature08159
Download citation
	Received: 09 March 2009

	Accepted: 25 May 2009

	Issue Date: 09 July 2009

	DOI: https://doi.org/10.1038/nature08159


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

                
                    	
                            
                                
                                    
                                        HDAC inhibitors overcome immunotherapy resistance in B-cell lymphoma
                                    
                                

                            
                                
                                    	Xiaoguang Wang
	Brittany C. Waschke
	Jing H. Wang


                                
                                Protein & Cell (2020)

                            
	
                            
                                
                                    
                                        The nucleoskeleton protein IFFO1 immobilizes broken DNA and suppresses chromosome translocation during tumorigenesis
                                    
                                

                            
                                
                                    	Wen Li
	Xiuzhen Bai
	Dongyi Xu


                                
                                Nature Cell Biology (2019)

                            
	
                            
                                
                                    
                                        A multiple myeloma-specific capture sequencing platform discovers novel translocations and frequent, risk-associated point mutations in IGLL5
                                    
                                

                            
                                
                                    	Brian S. White
	Irena Lanc
	Michael H. Tomasson


                                
                                Blood Cancer Journal (2018)

                            
	
                            
                                
                                    
                                        Contribution of classical end-joining to PTEN inactivation in p53-mediated glioblastoma formation and drug-resistant survival
                                    
                                

                            
                                
                                    	Youn-Jung Kang
	Barbara Balter
	Catherine T. Yan


                                
                                Nature Communications (2017)

                            
	
                            
                                
                                    
                                        Rad52 competes with Ku70/Ku86 for binding to S-region DSB ends to modulate antibody class-switch DNA recombination
                                    
                                

                            
                                
                                    	Hong Zan
	Connie Tat
	Paolo Casali


                                
                                Nature Communications (2017)

                            


                

            

        
    

            
                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
B cell DNA breaks late
The development of B cells in the immune system proceeds through several developmentalstages and in different compartments. Wang et al. show that two processes â€” editing and class switch recombination â€” widely thought to be separated temporally and spatially in the bone marrow and spleen respectively, can both occur in peripheral mature B cells. As these processes involve the formation of DNA double-strand breaks at different loci, rejoining of these breaks offers insight into the origin of chromosomal translocations observed in certain B cell lymphomas.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    B cells break the rules
                

                
	Marilyn Diaz
	Janssen Daly



                
    
        
            Nature
        
        News & Views
        
        
            08 Jul 2009
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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
	Protocol Exchange
	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 Korea
	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 â€” 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: ]
