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            Abstract
The mammalian hair follicle is a complex â€˜mini-organâ€™ thought to form only during development1; loss of an adult follicle is considered permanent. However, the possibility that hair follicles develop de novo following wounding was raised in studies on rabbits2,3, mice4 and even humans fifty years ago5. Subsequently, these observations were generally discounted because definitive evidence for follicular neogenesis was not presented6. Here we show that, after wounding, hair follicles form de novo in genetically normal adult mice. The regenerated hair follicles establish a stem cell population, express known molecular markers of follicle differentiation, produce a hair shaft and progress through all stages of the hair follicle cycle. Lineage analysis demonstrated that the nascent follicles arise from epithelial cells outside of the hair follicle stem cell niche, suggesting that epidermal cells in the wound assume a hair follicle stem cell phenotype. Inhibition of Wnt signalling after re-epithelialization completely abrogates this wounding-induced folliculogenesis, whereas overexpression of Wnt ligand in the epidermis increases the number of regenerated hair follicles. These remarkable regenerative capabilities of the adult support the notion that wounding induces an embryonic phenotype in skin, and that this provides a window for manipulation of hair follicle neogenesis by Wnt proteins. These findings suggest treatments for wounds, hair loss and other degenerative skin disorders.
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                    Figure 1: 
                        Hair follicle regeneration recapitulates embryonic development.
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Figure 2: 
                        Regenerated hair follicles originate from non-hair-follicle stem cells.
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Figure 3: 
                        Functional hair follicle stem cells are re-established in regenerated hair follicles.
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Figure 4: 
                        Hair follicle neogenesis requires Wnt signalling, and overexpression of Wnt potentiates 
                        de novo
                         follicle formation.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Anagen hair follicles transplanted into mature human scars remodel fibrotic tissue
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 January 2023
                                    

                                

                                Magdalena Plotczyk, Francisco JimÃ©nez, â€¦ Claire A. Higgins

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        LGR5 is a conserved marker of hair follicle stem cells in multiple species and is present early and throughout follicle morphogenesis
                                        
                                    

                                    
                                        Article
                                         Open access
                                         01 June 2022
                                    

                                

                                Kathryn M. Polkoff, Nithin K. Gupta, â€¦ Jorge A. Piedrahita

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Functional hair follicle regeneration: an updated review
                                        
                                    

                                    
                                        Article
                                         Open access
                                         17 February 2021
                                    

                                

                                Shuaifei Ji, Ziying Zhu, â€¦ Xiaobing Fu

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Schmidt-Ullrich, R. & Paus, R. Molecular principles of hair follicle induction and morphogenesis. Bioessays 27, 247â€“ 261 (2005)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Billingham, R. E. & Russell, P. S. Incomplete wound contracture and the phenomenon of hair neogenesis in rabbit's skin. Nature 177, 791â€“ 792 (1956)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Breedis, C. Regeneration of hair follicles and sebaceous glands from epithelium of scars in the rabbit. Cancer Res. 14, 575â€“ 579 (1954)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lacassagne, A. & Latarjet, R. Action of methylcholanthrene on certain scars of the skin in mice. Cancer Res. 6, 183â€“ 188 (1946)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kligman, A. M. & Strauss, J. S. The formation of vellus hair follicles from human adult epidermis. J. Invest. Dermatol. 27, 19â€“ 23 (1956)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Straile, W. E. in Advances in Biology of Skin Vol. 9 (eds Montagna, W. & Dobson, R.) 369â€“ 391 (Pergamon Press, New York, 1967)

                    Google ScholarÂ 
                

	Cotsarelis, G. Epithelial stem cells: a folliculocentric view. J. Invest. Dermatol. 126, 1459â€“ 1468 (2006)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	McGowan, K. M. & Coulombe, P. A. Onset of keratin 17 expression coincides with the definition of major epithelial lineages during skin development. J. Cell Biol. 143, 469â€“ 486 (1998)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Paus, R. et al. A comprehensive guide for the recognition and classification of distinct stages of hair follicle morphogenesis. J. Invest. Dermatol. 113, 523â€“ 532 (1999)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Millar, S. E. An ideal society? Neighbors of diverse origins interact to create and maintain complex mini-organs in the skin. PLoS Biol. 3, e372 (2005)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Huelsken, J., Vogel, R., Erdmann, B., Cotsarelis, G. & Birchmeier, W. Î²-Catenin controls hair follicle morphogenesis and stem cell differentiation in the skin. Cell 105, 533â€“ 545 (2001)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Cotsarelis, G., Sun, T. T. & Lavker, R. M. Label-retaining cells reside in the bulge area of pilosebaceous unit: implications for follicular stem cells, hair cycle, and skin carcinogenesis. Cell 61, 1329â€“ 1337 (1990)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Morris, R. J. et al. Capturing and profiling adult hair follicle stem cells. Nature Biotechnol. 22, 411â€“ 417 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ito, M. et al. Stem cells in the hair follicle bulge contribute to wound repair but not to homeostasis of the epidermis. Nature Med. 11, 1351â€“ 1354 (2005)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Levy, V., Lindon, C., Harfe, B. D. & Morgan, B. A. Distinct stem cell populations regenerate the follicle and interfollicular epidermis. Dev. Cell 9, 855â€“ 861 (2005)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Liu, Y., Lyle, S., Yang, Z. & Cotsarelis, G. Keratin 15 promoter targets putative epithelial stem cells in the hair follicle bulge. J. Invest. Dermatol. 121, 963â€“ 968 (2003)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Wunderlich, F. T., Wildner, H., Rajewsky, K. & Edenhofer, F. New variants of inducible Cre recombinase: a novel mutant of Creâ€“PR fusion protein exhibits enhanced sensitivity and an expanded range of inducibility. Nucleic Acids Res. 29, E47 (2001)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Claudinot, S., Nicolas, M., Oshima, H., Rochat, A. & Barrandon, Y. Long-term renewal of hair follicles from clonogenic multipotent stem cells. Proc. Natl Acad. Sci. USA 102, 14677â€“ 14682 (2005)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Levy, V., Lindon, C., Zheng, Y., Harfe, B. D. & Morgan, B. A. Epidermal stem cells arise from the hair follicle after wounding. FASEB J. advance online publication, doi:10.1096/fj.06â€“6926com (25 January 2007)

	Taylor, G., Lehrer, M. S., Jensen, P. J., Sun, T. T. & Lavker, R. M. Involvement of follicular stem cells in forming not only the follicle but also the epidermis. Cell 102, 451â€“ 461 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fernandes, K. J. et al. A dermal niche for multipotent adult skin-derived precursor cells. Nature Cell Biol. 6, 1082â€“ 1093 (2004)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Nishimura, E. K. et al. Dominant role of the niche in melanocyte stem-cell fate determination. Nature 416, 854â€“ 860 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Andl, T., Reddy, S. T., Gaddapara, T. & Millar, S. E. WNT signals are required for the initiation of hair follicle development. Dev. Cell 2, 643â€“ 653 (2002)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Van Mater, D., Kolligs, F. T., Dlugosz, A. A. & Fearon, E. R. Transient activation of Î²-catenin signaling in cutaneous keratinocytes is sufficient to trigger the active growth phase of the hair cycle in mice. Genes Dev. 17, 1219â€“ 1224 (2003)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kishimoto, J., Burgeson, R. E. & Morgan, B. A. Wnt signaling maintains the hair-inducing activity of the dermal papilla. Genes Dev. 14, 1181â€“ 1185 (2000)
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Gat, U., DasGupta, R., Degenstein, L. & Fuchs, E. De Novo hair follicle morphogenesis and hair tumors in mice expressing a truncated Î²-catenin in skin. Cell 95, 605â€“ 614 (1998)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lo Celso, C., Prowse, D. M. & Watt, F. M. Transient activation of Î²-catenin signalling in adult mouse epidermis is sufficient to induce new hair follicles but continuous activation is required to maintain hair follicle tumours. Development 131, 1787â€“ 1799 (2004)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fathke, C. et al. Wnt signaling induces epithelial differentiation during cutaneous wound healing. BMC Cell Biol. 7, 4 (2006)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Atala, A. Tissue engineering, stem cells and cloning: current concepts and changing trends. Expert Opin. Biol. Ther. 5, 879â€“ 892 (2005)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Liu, F. et al. Wntâ€“Î²-catenin signaling initiates taste papilla development. Nature Genet. 39, 106â€“ 112 (2006)
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Handjiski, B. K., Eichmuller, S., Hofmann, U., Czarnetzki, B. M. & Paus, R. Alkaline phosphatase activity and localization during the murine hair cycle. Br. J. Dermatol. 131, 303â€“ 310 (1994)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ito, M., Kizawa, K., Hamada, K. & Cotsarelis, G. Hair follicle stem cells in the lower bulge form the secondary germ, a biochemically distinct but functionally equivalent progenitor cell population, at the termination of catagen. Differentiation 72, 548â€“ 557 (2004)
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Chu, E. Y. et al. Canonical WNT signaling promotes mammary placode development and is essential for initiation of mammary gland morphogenesis. Development 131, 4819â€“ 4829 (2004)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Millar, S. E. et al. WNT signaling in the control of hair growth and structure. Dev. Biol. 207, 133â€“ 149 (1999)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
This work was supported by US National Institutes of Health and, in part, by a grant from the Pennsylvania Department of Health to G.C. We thank P. Sterling for his comments on the manuscript and L. Ash for preparation of histological sections.


Author information
Authors and Affiliations
	Department of Dermatology, Kligman Laboratories, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104, USA, 
Mayumi Ito,Â Zaixin Yang,Â Thomas Andl,Â Chunhua Cui,Â Noori Kim,Â Sarah E. MillarÂ &Â George Cotsarelis


Authors	Mayumi ItoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Zaixin YangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



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



	Chunhua CuiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Noori KimView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Sarah E. MillarView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	George CotsarelisView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                George Cotsarelis.


Ethics declarations

              
                Competing interests

                M.I. and G.C. are listed as inventors on a patent application related to wounding-induced hair follicle neogenesis and owned by the University of Pennsylvania. G.C. serves on the scientific advisory board and has equity in Follica, a start up company that has licensed the patent from the University of Pennsylvania

              
            

Supplementary information

Supplementary Information
This file contains Supplementary Tables 1-3 and Supplementary Figures 1-8 with Legends. (PDF 6710 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Ito, M., Yang, Z., Andl, T. et al. Wnt-dependent de novo hair follicle regeneration in adult mouse skin after wounding.
                    Nature 447, 316â€“320 (2007). https://doi.org/10.1038/nature05766
Download citation
	Received: 30 August 2006

	Accepted: 20 March 2007

	Issue Date: 17 May 2007

	DOI: https://doi.org/10.1038/nature05766


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

                
                    	
                            
                                
                                    
                                        The efficacy of adipose-derived stem cells in burn injuries: a systematic review
                                    
                                

                            
                                
                                    	Michael Kohlhauser
	Alexandru Tuca
	Lars-Peter Kamolz


                                
                                Cellular & Molecular Biology Letters (2024)

                            
	
                            
                                
                                    
                                        Local and systemic mechanisms that control the hair follicle stem cell niche
                                    
                                

                            
                                
                                    	Bing Zhang
	Ting Chen


                                
                                Nature Reviews Molecular Cell Biology (2024)

                            
	
                            
                                
                                    
                                        Transcriptome Sequencing and Mass Spectrometry Reveal Genes Involved in the Non-mendelian Inheritance-Mediated Feather Growth Rate in Chicken
                                    
                                

                            
                                
                                    	Mohan Qiu
	Zengrong Zhang
	Chaowu Yang


                                
                                Biochemical Genetics (2024)

                            
	
                            
                                
                                    
                                        Injury-induced interleukin-1 alpha promotes Lgr5 hair follicle stem cells de novo regeneration and proliferation via regulating regenerative microenvironment in mice
                                    
                                

                            
                                
                                    	Guang Yang
	Haiyan Chen
	Yaojiong Wu


                                
                                Inflammation and Regeneration (2023)

                            
	
                            
                                
                                    
                                        Tracing immune cells around biomaterials with spatial anchors during large-scale wound regeneration
                                    
                                

                            
                                
                                    	Yang Yang
	Chenyu Chu
	Yili Qu


                                
                                Nature Communications (2023)

                            


                

            

        
    

            
                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
A good hair day?
The mammalian hair follicle is thought to form anew only during development, and loss of an adult follicle is generally considered permanent. Fifty years ago in Nature, Billingham and Russel reported 'hair neogenesis' in rabbit skin, but this was later discounted. Now it is back, with the discovery that hair follicle regeneration is triggered by wounding the skin of adult mice. This suggests that mammalian skin responds to wounding with greater plasticity and regenerative capacity than was previously believed, and has implications for those studying wound healing, tissue regeneration and stem cell function.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    New hair from healing wounds
                

                
	Cheng-Ming Chuong



                
    
        
            Nature
        
        News & Views
        
        
            16 May 2007
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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 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: ]
