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            Abstract
MicroRNAs (miRNAs) are an abundant class of gene regulatory molecules (reviewed in refs 1, 2). Although computational work indicates that miRNAs repress more than a third of human genes3, their roles in vertebrate development are only now beginning to be determined. Here we show that miR-196 acts upstream of Hoxb8 and Sonic hedgehog (Shh) in vivo in the context of limb development, thereby identifying a previously observed but uncharacterized inhibitory activity that operates specifically in the hindlimb. Our data indicate that miR-196 functions in a fail-safe mechanism to assure the fidelity of expression domains that are primarily regulated at the transcriptional level, supporting the idea that many vertebrate miRNAs may function as a secondary level of gene regulation.
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                    Figure 1: 
                        Activity downstream of Dicer inhibits RA-induced expression of 
                        Hoxb8
                         in mouse hindlimbs.
                      [image: ]


Figure 2: Hindlimb-specific expression of  miR-196.[image: ]


Figure 3: 
                        miR-196
                         downregulates 
                        Hoxb8
                         accumulation.
                      [image: ]


Figure 4: 
                        miR-196
                         downregulates 
                        Shh
                         in the chick forelimb.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Tgfbr1 controls developmental plasticity between the hindlimb and external genitalia by remodeling their regulatory landscape
                                        
                                    

                                    
                                        Article
                                         Open access
                                         20 March 2024
                                    

                                

                                Anastasiia Lozovska, Artemis G. Korovesi, â€¦ MoisÃ©s Mallo

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Spatially organized cellular communities form the developing human heart
                                        
                                    

                                    
                                        Article
                                         Open access
                                         13 March 2024
                                    

                                

                                Elie N. Farah, Robert K. Hu, â€¦ Neil C. Chi

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The level of protein in the maternal murine diet modulates the facial appearance of the offspring via mTORC1 signaling
                                        
                                    

                                    
                                        Article
                                         Open access
                                         26 March 2024
                                    

                                

                                Meng Xie, MarkÃ©ta Kaiser, â€¦ Andrei S. Chagin

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Bartel, D. P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281â€“297 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ambros, V. The functions of animal microRNAs. Nature 431, 350â€“355 (2004)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Lewis, B. P., Burge, C. B. & Bartel, D. P. Conserved seed pairing, often flanked by adenosines, indicates that thousands of human genes are microRNA targets. Cell 120, 15â€“20 (2005)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Riddle, R. D., Johnson, R. L., Laufer, E. & Tabin, C. Sonic hedgehog mediates the polarizing activity of the ZPA. Cell 75, 1401â€“1416 (1993)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Stratford, T., Horton, C. & Maden, M. Retinoic acid is required for the initiation of outgrowth in the chick limb bud. Curr. Biol. 6, 1124â€“1133 (1996)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Helms, J. A., Kim, C. H., Eichele, G. & Thaller, C. Retinoic acid signalling is required during early chick limb development. Development 122, 1385â€“1394 (1996)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lu, H. C., Revelli, J. P., Goering, L., Thaller, C. & Eichele, G. Retinoid signalling is required for the establishment of a ZPA and for the expression of Hoxb-8, a mediator of ZPA formation. Development 124, 1643â€“1651 (1997)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Stratford, T., Logan, C., Zile, M. & Maden, M. Abnormal anteroposterior and dorsoventral patterning of the limb bud in the absence of retinoids. Mech. Dev. 81, 115â€“125 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Charite, J., de Graaff, W., Shen, S. & Deschamps, J. Ectopic expression of Hoxb-8 causes duplication of the ZPA in the forelimb and homeotic transformation of axial structures. Cell 78, 589â€“601 (1994)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Stratford, T. H., Kostakopoulou, K. & Maden, M. Hoxb-8 has a role in establishing early anterior-posterior polarity in chick forelimb but not hindlimb. Development 124, 4225â€“4234 (1997)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	He, L. & Hannon, G. J. MicroRNAs: small RNAs with a big role in gene regulation. Nature Rev. Genet. 5, 522â€“531 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Meister, G. & Tuschl, T. Mechanisms of gene silencing by double-stranded RNA. Nature 431, 343â€“349 (2004)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Harfe, B. D., McManus, M. T., Mansfield, J. H., Hornstein, E. & Tabin, C. J. The RNaseIII enzyme Dicer is required for morphogenesis but not patterning of the vertebrate limb. Proc. Natl Acad. Sci. USA 102, 10898â€“10903 (2005)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Logan, M. et al. Expression of Cre Recombinase in the developing mouse limb bud driven by a Prxl enhancer. Genesis 33, 77â€“80 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Baskerville, S. & Bartel, D. P. Microarray profiling of microRNAs reveals frequent coexpression with neighbouring microRNAs and host genes. RNA 11, 241â€“247 (2005) 13
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mansfield, J. H. et al. MicroRNA-responsive â€˜sensorâ€™ transgenes uncover Hox-like and other developmentally regulated patterns of vertebrate microRNA expression. Nature Genet. 36, 1079â€“1083 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yekta, S., Shih, I. H. & Bartel, D. P. MicroRNA-directed cleavage of HOXB8 mRNA. Science 304, 594â€“596 (2004)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Llave, C., Xie, Z., Kasschau, K. D. & Carrington, J. C. Cleavage of Scarecrow-like mRNA targets directed by a class of Arabidopsis miRNA. Science 297, 2053â€“2056 (2002)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	van den Akker, E. et al. Axial skeletal patterning in mice lacking all paralogous group 8 Hox genes. Development 128, 1911â€“1921 (2001)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kim, M. H. et al. Retinoic acid response element in HOXA-7 regulatory region affects the rate, not the formation of anterior boundary expression. Int. J. Dev. Biol. 46, 325â€“328 (2002)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Min, W. et al. 307-bp fragment in HOXA7 upstream sequence is sufficient for anterior boundary formation. DNA Cell Biol. 17, 293â€“299 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lewis, B. P., Shih, I. H., Jones-Rhoades, M. W., Bartel, D. P. & Burge, C. B. Prediction of mammalian microRNA targets. Cell 115, 787â€“798 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lim, L. P. et al. Microarray analysis shows that some microRNAs downregulate large numbers of target mRNAs. Nature 433, 769â€“773 (2005)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Chen, C. Z., Li, L., Lodish, H. F. & Bartel, D. P. MicroRNAs modulate hematopoietic lineage differentiation. Science 303, 83â€“86 (2004)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Giraldez, A. J. et al. MicroRNAs regulate brain morphogenesis in zebrafish. Science 308, 833â€“838 (2005)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Zhao, Y., Samal, E. & Srivastava, D. Serum response factor regulates a muscle-specific microRNA that targets Hand2 during cardiogenesis. Nature 436, 214â€“220 (2005)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hamburger, V. & Hamilton, H. L. A series of normal stages in the development of the chick embryo. J. Morphol. 88, 49â€“82 (1951)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nelson, C. E. et al. Analysis of Hox gene expression in the chick limb bud. Development 122, 1449â€“1466 (1996)
CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank E. McGlinn and S. Nissim for critically reading the manuscript. This work was funded by grants from the NIH (to C.J.T. and to D.P.B.). E.H. was supported by a â€˜Dorotâ€™ fellowship and â€˜Bikuraâ€™ award. J.H.M. is supported by a Kirchstein postdoctoral fellowship.


Author information
Authors and Affiliations
	Department of Genetics, Harvard Medical School, 77 Avenue Louis Pasteur, Massachusetts, 02115, Boston, USA
Eran Hornstein,Â Jennifer H. Mansfield,Â Jimmy Kuang-Hsien HuÂ &Â Clifford J. Tabin

	Whitehead Institute for Biomedical Research, Massachusetts Institute of Technology, 9 Cambridge Center, Massachusetts, 02142, Cambridge, USA
Soraya Yekta,Â Scott BaskervilleÂ &Â David P. Bartel

	Department of Molecular Genetics and Microbiology, University of Florida College of Medicine, Florida, 32610, Gainesville, USA
Brian D. Harfe

	Department of Microbiology and Immunology, Diabetes Center, University of California at San Francisco, California, 94143, San Francisco, USA
Michael T. McManus


Authors	Eran HornsteinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jennifer H. MansfieldView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Soraya YektaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jimmy Kuang-Hsien HuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Brian D. HarfeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Michael T. McManusView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Scott BaskervilleView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	David P. BartelView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Clifford J. TabinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Clifford J. Tabin.


Ethics declarations

              
                Competing interests

                Reprints and permissions information is available at npg.nature.com/reprintsandpermissions. The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Table 1
miRNA that are differentially expressed in limb buds. List of miRNAs that came up as differentially expressed in mouse E10.5 limb buds. Direct analysis of hind limb vs. forelimb probes (see methods) yielded four miRNAs that are apparently differentially expressed twofold or more in the hindlimb. Eight other miRNAs appear to be more abundant in forelimb bud. (RTF 27 kb)


Supplementary Figure 1
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Infection of RCAS::miR-196 in the chick limb bud did not affect several mesenchymal genes outside the Hoxb-8 pathway. (JPG 102 kb)
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