







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 02 August 2017



                    Correction of aberrant growth preserves tissue homeostasis

                    	Samara Brown1Â na1, 
	Cristiana M. Pineda1Â na1, 
	Tianchi Xin1, 
	Jonathan Boucher1, 
	Kathleen C. Suozzi1, 
	Sangbum Park1, 
	Catherine Matte-Martone1, 
	David G. Gonzalez1, 
	Julie Rytlewski2, 
	Slobodan Beronja2 & 
	â€¦
	Valentina Greco1,3,4,5,6Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 548,Â pages 334â€“337 (2017)Cite this article
                    

                    
        
            	
                        20k Accesses

                    
	
                        113 Citations

                    
	
                            154 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Adult stem cells
	Regeneration
	Skin stem cells


    


                
    
    

    
    

                
            


        
            Abstract
Cells in healthy tissues acquire mutations with surprising frequency. Many of these mutations are associated with abnormal cellular behaviours such as differentiation defects and hyperproliferation, yet fail to produce macroscopically detectable phenotypes1,2,3. It is currently unclear how the tissue remains phenotypically normal, despite the presence of these mutant cells. Here we use intravital imaging to track the fate of mouse skin epithelium burdened with varying numbers of activated Wnt/Î²-catenin stem cells. We show that all resulting growths that deform the skin tissue architecture regress, irrespective of their size. Wild-type cells are required for the active elimination of mutant cells from the tissue, while utilizing both endogenous and ectopic cellular behaviours to dismantle the aberrant structures. After regression, the remaining structures are either completely eliminated or converted into functional skin appendages in a niche-dependent manner. Furthermore, tissue aberrancies generated from oncogenic Hras, and even mutation-independent deformations to the tissue, can also be corrected, indicating that this tolerance phenomenon reflects a conserved principle in the skin. This study reveals an unanticipated plasticity of the adult skin epithelium when faced with mutational and non-mutational insult, and elucidates the dynamic cellular behaviours used for its return to a homeostatic state.
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                    Figure 1: Î²-Catenin mutant cells generate aberrant growths that regress.[image: ]


Figure 2: Wild-type cells are required for the active elimination of mutant cells.[image: ]


Figure 3: Fate of regressing tissue is niche-dependent.[image: ]


Figure 4: Tissue correction occurs in mutant Hras model.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Increasing the number of mutant cells increases the severity of aberrancies.
a, Diagram of the increasing severity of aberrancies that develop as the tamoxifen dosage (and number of mutant cells) increases. bâ€“d, Representative hair follicles induced with increasing amounts of tamoxifen (TAM), upon induction (top), and their resulting phenotype (bottom): b, 10â€‰Î¼g of tamoxifen results in morphologically normal hair follicles with no outgrowths; c, 200 Î¼g of tamoxifen induces about 3â€“15 recombined cells out of the roughly 80 HFSCs in the resting hair follicles, results in outgrowths; d, 6â€‰mg of tamoxifen (1â€‰mg of tamoxifen per day for 6 days) results in the formation of tumours. e, Quantification of outgrowths that arise from increasing number of labelled cells (meanâ€‰Â±â€‰s.e.m., nâ€‰=â€‰285 hair follicles in four mice). Scale bars, 50â€‰Î¼m.

                          Source data
                        


Extended Data Figure 2 Developing mutant outgrowths are largely composed of a mixture of mutant and wild-type cells.
a, Percentage distribution of new bud composition, with 71% of developing outgrowths made up of a mixture of mutant and wild-type cells (nâ€‰=â€‰112 new buds across three mice). b, Representative budding outgrowths in tamoxifen-treated (200â€‰Î¼g) K19creER;Î²-catnflox(ex3) mice. All epithelial nuclei are labelled with K14â€“H2BmCherry (red). Nuclei of mutant cells are labelled with TCFâ€“H2BGFP (green). All scale bars, 50â€‰Î¼m.

                          Source data
                        


Extended Data Figure 3 Small population of mutant cells can generate a varying number of outgrowths that regress.
a, Wide-field view of emerging outgrowths. b, Outgrowth frequency per hair follicle generated by a small population of mutant cells (nâ€‰=â€‰718 hair follicles across three mice). c, Diagram of outgrowth regression.

                          Source data
                        


Extended Data Figure 4 Mutant Î²-catenin cells differentiate and are subsequently lost from the tissue.
a, Whole-mount Î²-catenin immunofluorescence staining (blue) showing increased nuclear Î²-catenin staining corresponds to the Cre and Wnt fluorescent reporters. b, Î²-Catenin whole-mounts. tdTom+ cells (red) along the core of the outgrowth express higher levels of Î²-catenin (green). c, Revisits of the same outgrowth, showing the progressive elimination of the mutant core (TCFâ€“H2BGFP, green). Epithelial nuclei are labelled with K14â€“H2BmCherry (red). d, Reverse transcribed PCR quantification of mRNA expression of the floxed mutant Î²-cateninÎ”ex3 allele, normalized to GAPDH, during the development and regression of outgrowths (meanâ€‰Â±â€‰s.e.m., nâ€‰=â€‰3 mice per time point, ****Pâ€‰<â€‰0.0001). e, Whole-mount Ki67 staining. f, Mitotic events in tdTomato negative (tdTomâˆ’) and positive (tdTom+) cells, during different outgrowth stages (meanâ€‰Â±â€‰s.e.m., nâ€‰=â€‰150 outgrowths across three mice). g, Revisit of a single outgrowth showing the morphologically differentiated core (arrowheads, left) that is expelled from the tissue over time (right). h, Whole-mount staining of inner root sheath differentiation marker Gata3 (ref. 35) co-localizes with mutant core labelled with tdTomato (left) and TCFH2BGFP (right). Scale bars, 50â€‰Î¼m.

                          Source data
                        


Extended Data Figure 5 Apoptosis and cell extrusion occurs during both growth and regression of aberrancies.
a, Quantifications of different cellular behaviours occurring during growth and regression (meanâ€‰Â±â€‰s.e.m.). b, Representative outgrowths during growth (top, lower left) and regression (lower right) showing nuclear fragmentation, a morphological hallmark of apoptosis, pseudocoloured pink. c, Examples of outgrowths during growth (top) and regression (bottom) showing epithelial cells extruded into the dermis (pseudocoloured green). d, Revisits of extruded cells in the dermis, showing cells become undetectable over time. e, Quantifications showing the amount of time cells are detectable in the dermis once extruded. All scale bars, 50â€‰Î¼m.

                          Source data
                        


Extended Data Figure 6 Outgrowths with limited contribution of wild-type cells develop into proliferative cysts.
a, K19creER;B-catnflox(Ex3);tdTomato Wlsfl/fl whole-mount of Ki67 staining. b, K19creER;Î²-catnflox(Ex3);K14rtTA;cdkn1b whole-mount of Ki67 staining. c, Haematoxylin and eosin image of K19creER;Î²-catnflox(Ex3) backskin at low- (left) and high-power (right) magnifications. d, Haematoxylin and eosin image of backskin from K19creER;Î²-catnflox(Ex3);Wlsfl/fl showing the formation of small follicular cysts at low- (left) and high-power (right) magnification. e, Haematoxylin and eosin image of backskin from K19creER;Î²-catnflox(Ex3);K14rtTA;cdkn1b showing a dilated follicular cyst at low- (left) and high-power (right) magnifications. All scale bars, 50â€‰Î¼m.


Extended Data Figure 7 Endogenous and ectopic cellular behaviours are used in the regression of the outgrowth.
Diagram of observed cellular behaviours during the growth and regression of the outgrowths.


Extended Data Figure 8 Remaining cells from regressed outgrowths can develop into functional appendages.
a, Revisits of the same outgrowth in the non-cycling compartment. K14â€“H2BGFP labels epithelial nuclei (green). The non-hair cycling compartment is outlined in white. The cycling hair follicle, out of focal plane at later time points, is represented by a white dotted line. Insets show elimination of mutant core (tdTomato, red). b, Quantification of the phases of growth and regression of the outgrowths from the hair cycling epithelium of tamoxifen-treated (200â€‰Î¼g) Lgr6creER;Î²-catnflox(Ex3)/+;tdTomato;mTmG;K14â€“H2BGFP mice (meanâ€‰Â±â€‰s.e.m.). Pre-phenotypic plot accounts for hair follicles before the development of outgrowths to demonstrate variability in timing of formation (nâ€‰=â€‰33 outgrowths in three mice). c, Quantification of the two different fates of non-cycling epithelial outgrowths 173 days after induction (nâ€‰=â€‰24 outgrowths). d, Revisits from a tamoxifen-treated (200â€‰Î¼g) Lgr6creER;Î²-catnflox(Ex3)/+;tdTomato;mTmG;K14â€“H2BGFP mouse showing that, after the mutant core has differentiated out of the tissue (left), the remaining nodule of cells has converted into an extranumerary hair follicle. Subsequent revisits capture the representative extranumerary follicle in the early stage of catagen (centre) and telogen (right). e, Diagram representing the conversion into extranumerary structures. f, Revisits of representative Lgr6creER;Î²-catnflox(Ex3)/+;tdTomato;mTmG;K14â€“H2BGFP mouse after the administration of a high-dose (2â€‰mg) of tamoxifen (nâ€‰=â€‰4 mice). Large benign tumours result in a macroscopic phenotype of severely wrinkled skin (day 21, left and inset) that resolves over time as the outgrowths regress (day 208, right and inset). g, Quantification of the hair follicles with tumours (meanâ€‰Â±â€‰s.e.m., nâ€‰=â€‰803 hair follicles across three mice). h, Quantification of hair follicles with supernumerary sebaceous gland lobes and de novo hair follicles after outgrowth regression (meanâ€‰Â±â€‰s.e.m., nâ€‰=â€‰580 hair follicles across three mice). i, Representative images of normal (left) and extranumerary (right) sebaceous glands present in the tissue 151 days after induction. Normal sebaceous glands are outlined in white, extranumerary structures are outlined in blue. j, Oil Red O staining on tail whole-mounts of Lgr6creER;Î²-catnflox(Ex3)/+ mouse 1 year after the administration of a high dose (2â€‰mg) of tamoxifen. Note the Oil Red O staining in the extranumerary sebaceous gland lobes, indicating these structures are functional and actively producing lipids. k, Whole-mount Pcad IF staining on Lgr6creER;Î²-catnflox(Ex3)/+ ear skin 1 year after the administration of a high dose (2â€‰mg) of tamoxifen, showing the extranumerary hair follicle has a Pcad enrichment at the base of the structure, similar to the hair germ of the main axis. All scale bars, 50â€‰Î¼m.

                          Source data
                        


Extended Data Figure 9 Broad Hras activation and mutation-independent systems reveal a wide range of corrective abilities.
a, Representative phenotypes in LV-cre HrasG12V broad activation model (59% are hyperthickened and 10% are structurally deformed). b, Quantification of follicular bulge width demonstrates that Hras follicles are significantly hyperthickened during the first rest (Pâ€‰<â€‰0.0001) and growth phases (Pâ€‰<â€‰0.0001), but that hyperthickening is resolved by the second rest phase (Pâ€‰=â€‰0.0860, nâ€‰=â€‰492 wild-type follicles, 550 Hras follicles, three mice per genotype). c, Haematoxylin and eosin images demonstrating regions of epidermal hyperplasia (upper arrowhead) and dermal cysts (lower arrowhead). d, Keratinized cyst resolves over time. e, Top: xâ€“y view of macroscopic growth in Hras mouse demonstrates that hyperthickening and hyperkeratinization are resolved in 6 weeks. Hair follicles (Aâ€“C) are used as landmarks. Bottom: yâ€“z view of macroscopic growth at starting (p38) and ending (p80) time points (nâ€‰=â€‰3 regressing macroscopic growths observed in two mice).

                          Source data
                        


Extended Data Figure 10 Non-mutational insult to wild-type follicles can be corrected.
a, Correction of a deformed hair follicle post-ablation (right) compared with its non-ablated counterpart (left). b, Frequency of ablated follicle recovery (meanâ€‰Â±â€‰s.e.m., nâ€‰=â€‰38 follicles in five mice) c, Representative image of an ablated follicle that adopts a deformed structure, corrects it, and begins to cycle again. d, Quantification of the cycling ability of follicles 4 weeks post-ablation revealed 24% of ablated follicles were able to cycle again (meanâ€‰Â±â€‰s.e.m., nâ€‰=â€‰38 follicles in five mice). Asterisks denote region of autofluorescence produced post-ablation. All scale bars, 50â€‰Î¼m.

                          Source data
                        





Supplementary information
Video 1: The mutant core differentiates out of the tissue through the epidermis
A z-stack beginning at the level of the outgrowth, first moving up to the epidermis, then back down to the outgrowth of a Tamoxifen-treated (200Âµg) K19CreER;Î²-catnflox(Ex3)/+;tdTomato/+;K14-H2BGFP;Lef1RFP mouse. Epithelial cells are labelled with K14-H2BGFP (green), black regions are indicative of mosaicism of the transgene. Fibrillary collagen I visualized via secondary harmonic signal in blue. Note the mutant tdTomato-labeled core of the outgrowth (red) spans the length of the outgrowth and snakes out of the hair follicle through the epidermis and emerging from the skin. Step size = 3 Âµm. All scale bars in figure = 50 Âµm.


Video 2: Homeostatic and ectopic cellular behaviors occur in a regressing outgrowth
Timelapse of a regressing outgrowth of a Tamoxifen-treated (200Âµg) K19CreER;Î²-catnflox(Ex3)/+;tdTomato;K14-H2BGFP mouse. Insets visualized with K14-H2BGFP. Upper inset shows nuclear fragmentation during apoptosis. Lower inset shows ectopic behavior of retrograde migration of suprabasal cells, back into main axis of hair follicle. Note lower inset displayed at higher frame rate in order to appreciate movement of cells (h:mm:ss.fff).


Video 3: Extrusion of a cell from the outgrowth into the dermis during regression
A six hour timelapse of a regressing outgrowth in a Tamoxifen-Brown* and Pineda* et al, 2017; Correction of aberrant growth treated (200Âµg) K19CreER;Î²-catnflox(Ex3)/+;K14-H2BGFP mouse. Visualized using K14-H2BGFP (h:mm:ss.fff). Note the differentiated mutant core has already been eliminated from the tissue. Arrowhead highlights the cell being extruded from the tip of the outgrowth into the surrounding dermis. Scale bar = 20 Âµm.


Video 4: Proliferation and cell death occur simultaneously in the growing outgrowth
A 4-hour timelapse of a growing outgrowth in Tamoxifen-treated (200Âµg) K19CreER;Î²-catnflox(Ex3)/+tdTomato; ;K14-H2BGFP mouse, showing apoptosis is occurring concurrently with proliferation. (h:mm:ss.fff)


Video 5: Wild-type cells fail to enter outgrowths when proliferation is blocked
Z-stacks, beginning at the epidermis and moving down to the outgrowth in Tamoxifen-treated (200Âµg), K19CreER;Î²-catnflox(Ex3)/+tdTomato; K14-H2BGFP;Lef1RFP mouse (left) compared to a Tamoxifen-treated (200Âµg)/Doxycycline-treated (2mg/ml) K19CreER;Î²-catnflox(Ex3)/+tdTomato;K14rtTA; TetO-cdkn1b ;K14-H2BGFP mouse (right). Note all the layers in the Î²-catenin/CDKN1b outgrowth are composed of tdTomato-labeled mutant cells, while only a few wild-type cells can be seen at the base. Step size = 3 Âµm. Scale bar = 20 Âµm.
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Source data to Fig. 1
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