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            Abstract
We introduce a rational approach for associating genes with plant traits by combined use of a genome-scale functional network and targeted reverse genetic screening. We present a probabilistic network (AraNet) of functional associations among 19,647 (73%) genes of the reference flowering plant Arabidopsis thaliana. AraNet associations are predictive for diverse biological pathways, and outperform predictions derived only from literature-based protein interactions, achieving 21% precision for 55% of genes. AraNet prioritizes genes for limited-scale functional screening, resulting in a hit-rate tenfold greater than screens of random insertional mutants, when applied to early seedling development as a test case. By interrogating network neighborhoods, we identify AT1G80710 (now DROUGHT SENSITIVE 1; DRS1) and AT3G05090 (now LATERAL ROOT STIMULATOR 1; LRS1) as regulators of drought sensitivity and lateral root development, respectively. AraNet (http://www.functionalnet.org/aranet/) provides a resource for plant gene function identification and genetic dissection of plant traits.
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                    Figure 1: Construction, accuracy and coverage of AraNet, a functional gene network for Arabidopsis.[image: ]


Figure 2: Predictive power of AraNet for conserved and plant-specific biological processes.[image: ]


Figure 3: Validation of AraNet by independent data sets.[image: ]


Figure 4: AraNet correctly associates genes with many processes unique to plants, nonetheless relying at least in part on data from animals and yeast, which contribute evidence for linkages among genes that are broadly conserved but whose roles in Arabidopsis are in plant-specific processes.[image: ]


Figure 5: Discovery of seed (embryo) pigmentation defective genes predicted by AraNet guilt by association.[image: ]


Figure 6: Discovery of regulators of drought sensitivity and lateral root development from previously uncharacterized genes using AraNet.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Integrative inference of transcriptional networks in Arabidopsis yields novel ROS signalling regulators
                                        
                                    

                                    
                                        Article
                                        
                                         12 April 2021
                                    

                                

                                Inge De Clercq, Jan Van de Velde, â€¦ Klaas Vandepoele

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Extensive signal integration by the phytohormone protein network
                                        
                                    

                                    
                                        Article
                                        
                                         01 July 2020
                                    

                                

                                Melina Altmann, Stefan Altmann, â€¦ Pascal Falter-Braun

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Multi-Knockâ€”a multi-targeted genome-scale CRISPR toolbox to overcome functional redundancy in plants
                                        
                                    

                                    
                                        Article
                                        
                                         27 March 2023
                                    

                                

                                Yangjie Hu, Priyanka Patra, â€¦ Eilon Shani

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Alonso, J.M. et al. Genome-wide insertional mutagenesis of Arabidopsis thaliana. Science 301, 653â€“657 (2003).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Marcotte, E.M., Pellegrini, M., Thompson, M.J., Yeates, T.O. & Eisenberg, D. A combined algorithm for genome-wide prediction of protein function. Nature 402, 83â€“86 (1999).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	McGary, K.L., Lee, I. & Marcotte, E.M. Broad network-based predictability of Saccharomyces cerevisiae gene loss-of-function phenotypes. Genome Biol. 8, R258 (2007).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Fraser, H.B. & Plotkin, J.B. Using protein complexes to predict phenotypic effects of gene mutation. Genome Biol. 8, R252 (2007).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Lee, I. et al. A single gene network accurately predicts phenotypic effects of gene perturbation in Caenorhabditis elegans. Nat. Genet. 40, 181â€“188 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhong, W. & Sternberg, P.W. Genome-wide prediction of C. elegans genetic interactions. Science 311, 1481â€“1484 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lage, K. et al. A human phenome-interactome network of protein complexes implicated in genetic disorders. Nat. Biotechnol. 25, 309â€“316 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Franke, L. et al. Reconstruction of a functional human gene network, with an application for prioritizing positional candidate genes. Am. J. Hum. Genet. 78, 1011â€“1025 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Linghu, B., Snitkin, E.S., Hu, Z., Xia, Y. & Delisi, C. Genome-wide prioritization of disease genes and identification of disease-disease associations from an integrated human functional linkage network. Genome Biol. 10, R91 (2009).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Huttenhower, C. et al. Exploring the human genome with functional maps. Genome Res. 19, 1093â€“1106 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Hermjakob, H. et al. IntAct: an open source molecular interaction database. Nucleic Acids Res. 32, D452â€“D455 (2004).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Alfarano, C. et al. The Biomolecular Interaction Network Database and related tools 2005 update. Nucleic Acids Res. 33, D418â€“D424 (2005).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Swarbreck, D. et al. The Arabidopsis Information Resource (TAIR): gene structure and function annotation. Nucleic Acids Res. 36, D1009â€“D1014 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	de Folter, S. et al. Comprehensive interaction map of the Arabidopsis MADS Box transcription factors. Plant Cell 17, 1424â€“1433 (2005).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Huynen, M., Snel, B., Lathe, W. III & Bork, P. Predicting protein function by genomic context: quantitative evaluation and qualitative inferences. Genome Res. 10, 1204â€“1210 (2000).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Pellegrini, M., Marcotte, E.M., Thompson, M.J., Eisenberg, D. & Yeates, T.O. Assigning protein functions by comparative genome analysis: protein phylogenetic profiles. Proc. Natl. Acad. Sci. USA 96, 4285â€“4288 (1999).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Wolf, Y.I., Rogozin, I.B., Kondrashov, A.S. & Koonin, E.V. Genome alignment, evolution of prokaryotic genome organization, and prediction of gene function using genomic context. Genome Res. 11, 356â€“372 (2001).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Bowers, P.M. et al. Prolinks: a database of protein functional linkages derived from coevolution. Genome Biol. 5, R35 (2004).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Dandekar, T., Snel, B., Huynen, M. & Bork, P. Conservation of gene order: a fingerprint of proteins that physically interact. Trends Biochem. Sci. 23, 324â€“328 (1998).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Overbeek, R., Fonstein, M., D'Souza, M., Pusch, G.D. & Maltsev, N. The use of gene clusters to infer functional coupling. Proc. Natl. Acad. Sci. USA 96, 2896â€“2901 (1999).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lee, I., Li, Z. & Marcotte, E.M. An improved, bias-reduced probabilistic functional gene network of baker's yeast, Saccharomyces cerevisiae. PLoS ONE 2, e988 (2007).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Breitkreutz, B.J. et al. The BioGRID Interaction Database: 2008 update. Nucleic Acids Res. 36, D637â€“D640 (2007).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Chatr-aryamontri, A. et al. MINT: the Molecular INTeraction database. Nucleic Acids Res. 35, D572â€“D574 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Giot, L. et al. A protein interaction map of Drosophila melanogaster. Science 302, 1727â€“1736 (2003).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Remm, M., Storm, C.E. & Sonnhammer, E.L. Automatic clustering of orthologs and in-paralogs from pairwise species comparisons. J. Mol. Biol. 314, 1041â€“1052 (2001).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ogata, H. et al. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 27, 29â€“34 (1999).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Cui, J. et al. AtPID: Arabidopsis thaliana protein interactome database an integrative platform for plant systems biology. Nucleic Acids Res 36, D999â€“D1008 (2007).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Geisler-Lee, J. et al. A predicted interactome for Arabidopsis. Plant Physiol. 145, 317â€“329 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Gutierrez, R.A. et al. Qualitative network models and genome-wide expression data define carbon/nitrogen-responsive molecular machines in Arabidopsis. Genome Biol. 8, R7 (2007).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Ma, S., Gong, Q. & Bohnert, H.J. An Arabidopsis gene network based on the graphical Gaussian model. Genome Res. 17, 1614â€“1625 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Brady, S.M. et al. A high-resolution root spatiotemporal map reveals dominant expression patterns. Science 318, 801â€“806 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Meinke, D., Muralla, R., Sweeney, C. & Dickerman, A. Identifying essential genes in Arabidopsis thaliana. Trends Plant Sci. 13, 483â€“491 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	McElver, J. et al. Insertional mutagenesis of genes required for seed development in Arabidopsis thaliana. Genetics 159, 1751â€“1763 (2001).
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wei, N., Serino, G. & Deng, X.W. The COP9 signalosome: more than a protease. Trends Biochem. Sci. 33, 592â€“600 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Peng, Z., Serino, G. & Deng, X.W. Molecular characterization of subunit 6 of the COP9 signalosome and its role in multifaceted developmental processes in Arabidopsis. Plant Cell 13, 2393â€“2407 (2001).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Gusmaroli, G., Figueroa, P., Serino, G. & Deng, X.W. Role of the MPN subunits in COP9 signalosome assembly and activity, and their regulatory interaction with Arabidopsis Cullin3-based E3 ligases. Plant Cell 19, 564â€“581 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Gavin, A.C. et al. Proteome survey reveals modularity of the yeast cell machinery. Nature 440, 631â€“636 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Krogan, N.J. et al. Global landscape of protein complexes in the yeast Saccharomyces cerevisiae. Nature 440, 637â€“643 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Catala, R. et al. The Arabidopsis E3 SUMO ligase SIZ1 regulates plant growth and drought responses. Plant Cell 19, 2952â€“2966 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Shinozaki, K. & Yamaguchi-Shinozaki, K. Gene networks involved in drought stress response and tolerance. J. Exp. Bot. 58, 221â€“227 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lee, J.H. et al. Characterization of Arabidopsis and rice DWD proteins and their roles as substrate receptors for CUL4-RING E3 ubiquitin ligases. Plant Cell 20, 152â€“167 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Jin, J., Arias, E.E., Chen, J., Harper, J.W. & Walter, J.C. A family of diverse Cul4-Ddb1-interacting proteins includes Cdt2, which is required for S phase destruction of the replication factor Cdt1. Mol. Cell 23, 709â€“721 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Casimiro, I. et al. Dissecting Arabidopsis lateral root development. Trends Plant Sci. 8, 165â€“171 (2003).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fukaki, H., Okushima, Y. & Tasaka, M. Auxin-mediated lateral root formation in higher plants. Int. Rev. Cytol. 256, 111â€“137 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Vanneste, S. & Friml, J. Auxin: a trigger for change in plant development. Cell 136, 1005â€“1016 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Li, Z. et al. Rational extension of the ribosome biogenesis pathway using network-guided genetics. PLoS Biol. 7, e1000213 (2009).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Cho, H.T. & Cosgrove, D.J. Regulation of root hair initiation and expansin gene expression in Arabidopsis. Plant Cell 14, 3237â€“3253 (2002).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Munns, R. & King, R.W. Abscisic acid is not the only stomatal inhibitor in the transpiration stream of wheat plants. Plant Physiol. 88, 703â€“708 (1988).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Goodger, J.Q., Sharp, R.E., Marsh, E.L. & Schachtman, D.P. Relationships between xylem sap constituents and leaf conductance of well-watered and water-stressed maize across three xylem sap sampling techniques. J. Exp. Bot. 56, 2389â€“2400 (2005).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Giraud, E. et al. The absence of ALTERNATIVE OXIDASE1a in Arabidopsis results in acute sensitivity to combined light and drought stress. Plant Physiol. 147, 595â€“610 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We are grateful to M. Ahn, A. Noorani and V. Bakshi for technical assistance, J. Shin for assistance on AraNet web design, T. Nakagawa (Shimane University, Japan) for providing pGWB2, K. Barton for providing lab space and D. Meinke, M. Running, W. Briggs, Z. Wang and K. Dreher for helpful discussions. This work was supported by Carnegie Institution for Science (B.A., S.Y.R.), a grant from the National Science Foundation (MCB-0520140) to S.Y.R. and by the National Research Foundation of Korea (NRF) grant funded by the Korean government (no. 2009-0063342, 2009-0070968) and Yonsei University (no. 2008-7-0284, 2008-1-0018) to I.L. and from the National Science Foundation, National Institutes of Health, and Welch (F1515) and Packard Foundations to E.M.M.


Author information
Author notes	Insuk Lee and Bindu Ambaru: These authors contributed equally to this work.


Authors and Affiliations
	Department of Biotechnology, College of Life Science and Biotechnology, Yonsei University, Seodaemun-gu, Seoul, Korea., 
Insuk Lee

	Center for Systems and Synthetic Biology, Institute for Cellular and Molecular Biology, University of Texas at Austin, Austin, Texas, USA
Insuk LeeÂ &Â Edward M Marcotte

	Department of Chemistry and Biochemistry, Institute for Cellular and Molecular Biology, University of Texas at Austin, Austin, Texas, USA
Edward M Marcotte

	Department of Plant Biology, Carnegie Institution for Science, Stanford, California, USA
Bindu Ambaru,Â Pranjali ThakkarÂ &Â Seung Y Rhee


Authors	Insuk LeeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Bindu AmbaruView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Pranjali ThakkarView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Edward M MarcotteView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Seung Y RheeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding authors
Correspondence to
                Insuk Lee, Edward M Marcotte or Seung Y Rhee.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Text and Figures
Supplementary Figs. 1â€“18, Supplementary Tables 1â€“16, Supplementary Methods and Supplementary Discussion (PDF 1579 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Lee, I., Ambaru, B., Thakkar, P. et al. Rational association of genes with traits using a genome-scale gene network for Arabidopsis thaliana.
                    Nat Biotechnol 28, 149â€“156 (2010). https://doi.org/10.1038/nbt.1603
Download citation
	Received: 10 June 2009

	Accepted: 23 December 2009

	Published: 31 January 2010

	Issue Date: February 2010

	DOI: https://doi.org/10.1038/nbt.1603


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
                        








            


            

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Systematic prediction of gene function in Arabidopsis thaliana using a probabilistic functional gene network
                

                
	Sohyun Hwang
	Seung Y Rhee
	Insuk Lee



                
    
        
            Nature Protocols
        
        Protocol
        
        
            25 Aug 2011
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Biotechnology (Nat Biotechnol)
                
                
    
    
        ISSN 1546-1696 (online)
    
    


                
    
    
        ISSN 1087-0156 (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: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
