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            Abstract
The morphology and functionality of the epithelial lining differ along the intestinal tract, but tissue renewal at all sites is driven by stem cells at the base of crypts1,2,3. Whether stem cell numbers and behaviour vary at different sites is unknown. Here we show using intravital microscopy that, despite similarities in the number and distribution of proliferative cells with an Lgr5 signature in mice, small intestinal crypts contain twice as many effective stem cells as large intestinal crypts. We find that, although passively displaced by a conveyor-belt-like upward movement, small intestinal cells positioned away from the crypt base can function as long-term effective stem cells owing to Wnt-dependent retrograde cellular movement. By contrast, the near absence of retrograde movement in the large intestine restricts cell repositioning, leading to a reduction in effective stem cell number. Moreover, after suppression of the retrograde movement in the small intestine, the number of effective stem cells is reduced, and the rate of monoclonal conversion of crypts is accelerated. Together, these results show that the number of effective stem cells is determined by active retrograde movement, revealing a new channel of stem cell regulation that can be experimentally and pharmacologically manipulated.
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                    Fig. 1: The spatial organization and functional potential of LGR5+ cells are comparable in the SI and LI.


Fig. 2: Different numbers of effective stem cells in the SI and LI due to retrograde movement.


Fig. 3: Wnt promotes LGR5+ cell migration.


Fig. 4: The consequences of retrograde movement.
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                Data availability

              
              The RNA-seq data are available at the Gene Expression Omnibus (GEO) under accession code GSE194250. All other data are included within the Article and its Extended Data and Supplementary Information and are available at Figshare (https://figshare.com/projects/Azkanaz_et_al_2022_Retrograde_movements_determine_effective_stem_cell_numbers_in_the_intestine/139210). Source data are provided with this paper.

            

Code availability

              
              The codes and data used for fits, simulations, RNA-seq, in vitro cell migration and single LGR5+ cell migration on dECM are available at GitHub (https://github.com/JaccovanRheenenLab/Retrograde_movement_Azkanaz_Nature_2022).
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Extended data figures and tables

Extended Data Fig. 1 Crypt characteristics in small and large intestine.
a, Quantification of the number of LGR5+ cells per position in crypt of SI (n = 12 crypts) and LI (n = 12 crypts) in Lgr5eGFP-Ires-CreERT2 mice. Mean +/− SD are plotted b, Schematic representation of experimental setup for RNA-seq and organoid forming assay. c,d, Volcano plots showing log2 fold-change (x-axis) and -Log10 p-value (y-axis) of genes differentially expressed between LGR5+ cells with medium intensity (border) and LGR5+ cells with high intensity (centre). Genes that were significantly altered in border compared with centre LGR5+ cells are highlighted in red (Log2 fold change >2, -Log10 p-value <0.001) in SI (c) and LI (d), n = 4 mice for each condition. e, Stem cell markers (Lgr5, Ascl2 and Smoc2) in situ hybridization (ISH) in C57/B6 mouse SI (top) and LI (bottom) crypts, n = 4 mice. Scale bar, 100 μm. f, Wnt targets (AXIN2, CD44, CYCD1) ISH and immunohistochemistry (IHC) in C57/B6 mouse SI (top) and LI (bottom) crypts, n = 4 mice. Scale bar, 100 μm. g, Immunofluorescence (IF) staining of Ephrin B2 and Ephrin B3 in C57/B6 mouse SI (top) and LI (bottom) crypts, n = 3 experiments. Scale bar, 20 μm. h, Confocal images of isolated crypts (dotted outline) of SI (left), and LI (right), proliferating cells were identified by BrdU incorporation upon 2-hour pulse (red). Nuclei were labelled using DAPI (blue), n = 10 experiments. Scale bar, 50 μm.
Source Data


Extended Data Fig. 2 Visualizing effective stem cells by intravital imaging in small and large intestine.
a,b, Representative overview images 48 h (left) and 8 weeks (right) after tracing in Lgr5eGFP-Ires-CreERT2 mice from 6 independent experiments. Dotted lines represent same areas. Grey lines indicate SI LI boundary. Lower pictures represent intravital images showing crypt patterns (LGR5-eGFP in green) at 48h and 8w after tracing in SI (a) and LI (b). Dotted lines are examples of retraced patchy LGR5+ areas. Scale bar, 5 mm (top), 100 μm (bottom) from 5 independent experiments. c,d, Quantification of retention within the LGR5+ zone of clones starting from different positions in the niche (shades of green) in SI (c) and LI (d) as followed by IVM. SI: n = 305 clones in 9 mice; LI: n = 311 clones in 5 mice (see Ext. Data Fig. 3–6).
Source Data


Extended Data Fig. 3 Short-term evolution of clones in SI (1).
Presence in centre (light green) and border (dark green) of individual clones in Lgr5eGFP-Ires-CreERT2; R26-Confetti mice followed by short-term IVM in SI is plotted over time (squares represent individual clones, with a bar per day). Plotted are clones starting and remaining in the centre (top panel), starting and remaining in centre while spreading to border (middle panel) and starting in the centre and transferring to border (bottom panel).
Source Data


Extended Data Fig. 4 Short-term evolution of clones in SI (2).
Presence in centre (light green) and border (dark green) of individual clones in Lgr5eGFP-Ires-CreERT2; R26-Confetti mice followed by short-term IVM in SI are plotted over time (represent individual clones with a bar per day). Plotted are clones starting in the centre and getting lost (top panel), starting in border and transferring to centre (second panel), starting in border and remaining in border, and starting in border before getting lost.
Source Data


Extended Data Fig. 5 Short-term evolution of clones in LI (1).
Presence in centre (light green) and border (dark green) of individual clones in Lgr5eGFP-Ires-CreERT2; R26-Confetti mice followed by short-term IVM in LI are plotted over time (squares represent individual clones with a bar per day). Plotted are clones starting and remaining in the centre while spreading to border (top panel), starting in the centre and transferring to border (second panel), starting and remaining in centre without spreading to border (third panel) and starting in the centre before getting lost from the niche (bottom panel).
Source Data


Extended Data Fig. 6 Short-term evolution of clones in LI (2).
Presence in centre (light green) and border (dark green) of individual clones in Lgr5eGFP-Ires-CreERT2; R26-Confetti mice followed by short-term IVM in LI are plotted over time (squares represent individual clones with a bar per day). Clones are Plotted are clones starting in border and transferring to centre (top panel), starting in border and remaining there (second panel), starting in border before getting lost (bottom panel).
Source Data


Extended Data Fig. 7 Wnt enhances motility in vitro.
a, Percentage of fast-moving (>2 µm/min), slow-moving (0.3-2 µm/min) and non-moving (<0.3 µm/min) LGR5+ cells. The imaged LGR5+ cells were isolated from Lgr5-EGFP-ires-creERT2;R26R-confetti organoids and exposed to (I) control medium (n = 408 cells), (II) medium supplemented with Wnt3a (n = 582 cells), (III) medium supplemented with Paneth cells (PC) (n = 418 cells), or (IV) medium supplemented with PC and Wnt inhibitor (IWP2) (n = 431 cells) in Matrigel from 3 independent biological replicates. b,c Speed (b) and directionality ratio (persistence) over time calculated as mean displacement/length of the trajectory. Significance was determined by a two-sided Mann-Whitney test.(c) of single LGR5+ cells in control medium, medium supplemented with Wnt3a, co-culture with PC and co-culture PC with IWP2. Shown are n = 150 random cell tracks of LGR5+ cells from 2 independent organoid lines, 50 from each of 3 independent biological replicates. Each point represents the mean value of each track. Shown are mean ± SEM.
Source Data


Extended Data Fig. 8 The effect of LGK974 on stem cell dynamics in small intestinal crypts.
a, Representative image of 2h BrdU pulse in SI crypts of control and LGK974-treated mice. Scale bar, 50 μm. b, Quantification of cells positive for BrdU per position in SI crypts of control and LGK974-treated mice. Of note, position is based on nuclei count which does not discriminate between stem cells and PCs, and the LGR5+ zone ends around nuclear position 6-8. Mean +/− SEM are plotted. (n = 120 crypts examined over 4 independent experiments from 4 mice, 30 crypts per mouse).
Source Data


Extended Data Fig. 9 Biophysical modelling of stochastic conveyor belt dynamics in small versus large intestine.
a, An intestinal crypt is abstracted as a hemispherical surface. A cell experiences net upwards force due to the divisions taking place at lower positions, together with stochastic repositioning events. b, This hemispheric region can be segmented by cuts at different heights, ℓ0, ℓ1, ℓ2, ℓ3. c, If the sections defined by these cuts are of the same width, 𝛥ℓ, then the area of each is the same, which provides an explanation for the near-constant number of LGR5+ cell at each position. d, This allows us to approximate the system as consecutive layers of cells on a cylinder. e, Analytical solutions for the stochastic conveyor belt model (probability of clone retention per time). Left (resp. right) plot shows the retention probability as a function of the starting position of the mother cell of the lineage for the SI (resp. LI). Points show the experimental data for wild-type (same as Fig. 3), lines are the prediction of the stochastic conveyer belt dynamics given by equation (1.3) of the SI Theory Note. In both panels, the color scheme is: Green, 2 days, Blue, 3 days, orange, 4 days, and red 56 days post-labelling. f, Average monoclonal conversion in crypts for different values of 𝑘𝑟 𝑘𝑑 ; and rescaled time it takes to convert. g, Corresponding time of conversion as a function of 𝑘𝑟 𝑘𝑑 (points) which are very well fitted by a square root (lines), showing that the time increases close to linearly with \(\surd \)𝑘𝑟/𝑘𝑑. h, Sensitivity analysis of the 2D numerical simulations. Top, effect of increasing values of the division rate kd on the resulting short-term clonal retention dynamics as a function of initial cell positions at days 2, 3 and 4 (left, middle and right panel respectively), for constant kr = 0.25 (LI best-fit value). Increasing thickness of the lines indicate increasing division rate (or alternatively decreasing division time: 2.3, 1.7, 1.4, 1.2, 0.9 divisions per day respectively – note that the middle curve thus corresponds to the value of 1.4 divisions per day used in the main text). Bottom, Effect of increasing values of the division rate kr on the resulting short-term clonal retention dynamics as a function of initial cell positions at days 2, 3 and 4 (left, middle and right panel respectively), for constant kd = 0.5 (LI best-fit value). Increasing thickness of the lines indicate increasing kr = 0.25,1, 2, 3, 4 (note that the first curve thus corresponds to the best fit value used in the main text). i, Comparison between 1D analytical theory (solid lines) and 2D simulations (circles) for the clonal retention probability (y-axis, parameters chosen as kr = 2, 1/kd = 1.2 divisions per day) as a function of initial starting position for the clone (x-axis) and time (colors red, green, blue, yellow and red indicating resp. day 1, day 2, day 3, day 4 and day 56). Dashed region indicates the standard deviation observed in the simulations for the respective simulation time. j,k, Normalized probability of retention in LGR5+ zone for different starting positions over time in SI (f; n = 305 clones in 9 mice) and LI (g; n = 334 clones in 5 mice) predicted by model (solid lines and shaded intervals, mean with 95% confidence interval) and experimental data (dots). l,m, Probability of presence in centre, border or loss of centre-starting (left) and border-starting clones (right) over time in SI (h, n = 305 clones in 9 mice) and LI (I, n = 311 clones in 5 mice), comparing data (left bar) and theory (right bar).
Source Data


Extended Data Fig. 10 Clonal dispersion in small and large intestine.
a, Typical outputs of 2D numerical simulations of a single clonal labelling event (labelled cells indicated in red) for the parameter set extracted from SI (left) and LI (right) data. As expected, larger values of kr result in a higher probability of clonal fragmentation (defined as the probability of a given clone displaying two fragments separated by a row of clonally non-labelled cells, see SI Note for details on the simulations). b, SI (top) and LI (bottom) crypts with sparse lineage-tracing experiment, where a single lineage (red here, induced and imaged 7 days post induction) can be observed. Clonal dispersion due to cell rearrangements is either observed (right) or not (left). Scale bar, 20 μm. c, Probability of clonal fragmentation in SI and LI (data shown in grey (SI) and black (LI), theory in dotted bars extracted from the parameters in panel a), showing good agreement. Data is based on n = 3 mice (20 crypts for SI and 55 crypts for LI). Each data point represents percentage of clonal dispersed crypts in one mouse, and bars show mean +/− SD.
Source Data
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Supplementary Information
Supplementary Note 1: basics of stochastic conveyor belt (SCB) dynamics; Supplementary Note 2: numerical simulations of the 2D SCB dynamics and statistics; Supplementary Note 3: comparison with previous models; and Supplementary References.


Reporting Summary

Supplementary Figure 1
FACS gating strategy. Gating strategy to isolate single LGR5+ cells with high, medium and low intensity corresponding to centre, border and >3 row cells from dissociated intestinal crypts (corresponding to Fig 1h–j and Extended Data Fig. 1b–d). The percentage of parent population is shown.


Supplementary Video 1
Wnt induces migration of LGR5+ cells. Migration of LGR5+confetti–RFP+ (red) in various indicated conditions. The tracks of migration are indicated by coloured lines. PCs are are shown in yellow. Time is depicted in hours. Scale bar, 20 μm.


Supplementary Video 2
Active retrograde movement of LGR5+ cells on a decellularized intestinal scaffold. The video shows the movement of LGR5+ cell (red arrows and square) towards the base of the crypt. Left, cartoon and still images of LGR5+ cell (in green), ColF (in grey), tracking the cell and the respective localization in Z and in respect to the villi and crypts. Right, a video showing different colours for different Z-levels of the LGR5+ cell as indicated by the lookup table (LUT) in the left cartoon. The given cell traverses 48 µm distance in to the lower part of the crypt.





Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10




Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
       



Cite this article
Azkanaz, M., Corominas-Murtra, B., Ellenbroek, S.I.J. et al. Retrograde movements determine effective stem cell numbers in the intestine.
                    Nature 607, 548–554 (2022). https://doi.org/10.1038/s41586-022-04962-0
Download citation
	Received: 18 February 2020

	Accepted: 10 June 2022

	Published: 13 July 2022

	Issue Date: 21 July 2022

	DOI: https://doi.org/10.1038/s41586-022-04962-0


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

                
                    	
                            
                                
                                    
                                        Effects of hormones on intestinal stem cells
                                    
                                

                            
                                
                                    	Li Liu
	Lilong Zhang
	Wenhong Deng


                                
                                Stem Cell Research & Therapy (2023)

                            
	
                            
                                
                                    
                                        Yo-yoing stem cells defy dogma to maintain hair colour
                                    
                                

                            
                                
                                    	Carlos Galvan
	William E. Lowry


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        Intracellular pH dynamics regulates intestinal stem cell lineage specification
                                    
                                

                            
                                
                                    	Yi Liu
	Efren Reyes
	Diane L. Barber


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Advanced Progression for the Heterogeneity and Homeostasis of Intestinal Stem Cells
                                    
                                

                            
                                
                                    	Minqiong Sun
	Zhenya Tan
	Hong Zheng


                                
                                Stem Cell Reviews and Reports (2023)

                            
	
                            
                                
                                    
                                        Multiphoton intravital microscopy of rodents
                                    
                                

                            
                                
                                    	Colinda L. G. J. Scheele
	David Herrmann
	Jacco van Rheenen


                                
                                Nature Reviews Methods Primers (2022)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Relocation sustains intestinal stem-cell numbers
                

                
	Stephanie J. Ellis
	Elaine Fuchs



                
    
        
            Nature
        
        News & Views
        
        
            13 Jul 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter — 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
            
        


    









    








