







    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: 08 March 2017



                    Interplay between metabolic identities in the intestinal crypt supports stem cell function

                    	Maria J. Rodríguez-Colman1, 
	Matthias Schewe2, 
	Maaike Meerlo1, 
	Edwin Stigter1, 
	Johan Gerrits3, 
	Mia Pras-Raves3, 
	Andrea Sacchetti2, 
	Marten Hornsveld1, 
	Koen C. Oost1, 
	Hugo J. Snippert1, 
	Nanda Verhoeven-Duif3, 
	Riccardo Fodde2 & 
	…
	Boudewijn M. T. Burgering1 

Show authors

                    

                    
                        
    Nature

                        volume 543, pages 424–427 (2017)Cite this article
                    

                    
        
            	
                        30k Accesses

                    
	
                        330 Citations

                    
	
                            54 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Metabolomics
	Stem-cell differentiation
	Stem-cell niche


    


                
    
    

    
    

                
            


        
            Abstract
The small intestinal epithelium self-renews every four or five days. Intestinal stem cells (Lgr5+ crypt base columnar cells (CBCs)) sustain this renewal and reside between terminally differentiated Paneth cells at the bottom of the intestinal crypt1. Whereas the signalling requirements for maintaining stem cell function and crypt homeostasis have been well studied, little is known about how metabolism contributes to epithelial homeostasis. Here we show that freshly isolated Lgr5+ CBCs and Paneth cells from the mouse small intestine display different metabolic programs. Compared to Paneth cells, Lgr5+ CBCs display high mitochondrial activity. Inhibition of mitochondrial activity in Lgr5+ CBCs or inhibition of glycolysis in Paneth cells strongly affects stem cell function, as indicated by impaired organoid formation. In addition, Paneth cells support stem cell function by providing lactate to sustain the enhanced mitochondrial oxidative phosphorylation in the Lgr5+ CBCs. Mechanistically, we show that oxidative phosphorylation stimulates p38 MAPK activation by mitochondrial reactive oxygen species signalling, thereby establishing the mature crypt phenotype. Together, our results reveal a critical role for the metabolic identity of Lgr5+ CBCs and Paneth cells in supporting optimal stem cell function, and we identify mitochondria and reactive oxygen species signalling as a driving force of cellular differentiation.
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                    Figure 1: Metabolic compartmentalization in the crypt.[image: ]


Figure 2: Characterization of WENR organoids.[image: ]


Figure 3: Mitochondrial OXPHOS and ROS signalling drive differentiation and crypt formation.[image: ]


Figure 4: p38 activity drives differentiation and crypt formation.[image: ]


Figure 5: Metabolic regulation of Lgr5+ CBC stem cell function.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Metabolic compartmentalization and mitochondria and redox state in the crypt.
a, Top 10 most different metabolites between Lgr5+ CBCs, Paneth cells (PCs) and all other differentiated cell types (‘Neg.’). P value and false discovery rate (FDR) refer to the significance, and post hoc tests indicate the groups being compared. Results were obtained by analysis with http://metaboanalyst.ca. b, Live confocal microscopy of organoid crypts. All mitochondria (green) and high MMP (red) was determined by JC-1 staining. MMP/mitochondria ratio is represented in fire intensity scale (ImageJ). c, Live imaging of Lgr5–GFP-derived organoid stained with Mitotracker Deep-Red confirmed increased mitochondria in Lgr5+ CBCs. In both cases Hoechst was used to stain nuclei. Asterisks indicate stem cells in between Paneth cells (n = 1). d, Representative images of DTR–Lgr5–eGFP organoids grown in ENR medium or ENR medium supplemented with CHIR99021 (3 μM) and valproic acid (2 mM) during 72 h. e, Mitochondrial respiration/glycolysis (basal) was measured during mitochondrial stress test using Seahorse technology. Organoids were grown in ENR medium and after 24 h CHIR99021 and valproic acid were added to half of the plate during 72 h before running the assay. Graph represents mean and s.d. of 6 independent Seahorse experiments. Two-tailed t-test, *P < 0.05. f, ROS in the crypt was stained with CellRox (cytosolic ROS), MitoSOX (mitochondrial superoxide) and Mitotracker (mitochondria). Dashed yellow regions indicate Paneth cells. g, Quantification of ROS in CBCs (16) and Paneth cells (6) from 3 organoids. One representative experiment of 2 independent ones. Graphs show mean and s.d. Two tailed t-test, ****P < 0.0001, NS, not significant.


Extended Data Figure 2 WENR organoids represent a homogeneous population of glycolytic dividing cells that retain pluripotency.
a, Confocal images of organoid crypts. PC and nuclei were detected using WGA or Lyz antibody, and Hoechst, respectively. z-stacks are represented as 3D projections. b, Confocal live imaging of DTR–Lgr5–eGFP-derived mouse organoids. Lgr5+ cells are visualized in green. Dashed yellow region indicates a bud structure that constitutes a starting crypt. c, Confocal microscopy of immunostaining of an emerging crypt. Phalloidin was used to stain F-actin (in red) (n = 3 (a–c)). d, Gene expression of glycolytic genes in WENR organoids normalized by the expression in ENR organoids (dashed line) (n = 3). e, Bioenergetics was determined by Seahorse technology. Results show one representative experiment of 3 independent ones. f, Pyruvate/lactate ratio was analysed by DIMS metabolomics. Boxes and error bars correspond to mean and s.d. of 3 technical replicates of 3 biological samples. g, DCA inhibition of glycolysis in ENR or WENR grown organoids was determined by Seahorse technology 1 representative experiment of n = 3. h, Proliferation was measured by Ki67 gene expression by qPCR. i, Gene expression of PC markers (n = 5 independent experiments). j, Representative images of a differentiation assay and the effect of DCA and azide; spherical organoids (grown in WENR) forming crypts (WENR→ENR) and cryptic organoids (grown in ENR medium). k, Effect of glycolysis inhibition on crypt formation was analysed by differentiation assay using DCA or 2-deoxyglucose (one representative experiment, n = 2). l, Increased crypt formation by activation of mitochondria (h) was analysed by differentiation assay replacing glucose by galactose in ENR medium. Two-tailed t-test, ***P < 0.001; **P < 0.01; *P < 0.05.


Extended Data Figure 3 Mitochondrial OXPHOS and ROS signalling drive differentiation and crypt formation.
a, Mitochondrial DNA copy number was quantified by qPCR on total DNA. Plot represents one representative experiment (n = 2). b, Mitochondrial membrane potential and total mitochondria were analysed with the combination of Mitotracker Deep Red (mitochondria) and TMRM (mitochondrial membrane potential). Staining is represented as a ratio using fire intensity scale (ImageJ). Dashed yellow region indicates a bud structure that constitutes a starting crypt. c, Decreased crypt formation by inhibition of mitochondria was analysed by differentiation assay adding OXPHOS inhibitors: azide, myxothiazol (myxo.), rotenone and oligomycin (oligo.) (concentrations in μM). d, Toxicity of OXPHOS inhibitors was measured by counting the number of organoids growing in the depicted conditions. Values are plotted as percentages of the WENR condition (mean). e, Mitochondrial inhibition enhances inhibition of crypt formation occurring when plating ENR organoids in WENR medium. Azide (50 μM) was added to the medium, pictures were taken after 48 h and the number of crypts per organoid was counted using ImageJ. Average and s.d. are shown. Representative of one experiment (n = 2). f, The sensitivity to redox changes of the mtGrx1–roGFP in organoids was analysed by live imaging, applying 500 μM hydrogen peroxide and following the redox response in time. Images represent the ratio of oxidized/reduced sensor. g, Mitochondria redox state of a forming crypt was assessed by live imaging of mtGrx1–roGFP. h, i, Effect of ROS scavengers on crypt formation was analysed by differentiation assay (h) and Paneth cell markers gene expression (i) in the presence of EUK134 (5 μM) and mitoTEMPO (0.5 mM). j, k, The effect of triggering mitochondrial ROS on crypt formation was performed by differentiation assays applying paraquat and counting the number of crypts per organoids (j) and by the expression of Paneth cell markers by qPCR (k). One representative experiment of n = 3 (c, d) or n = 5 (h, j). Mean and s.d. are shown. Two tailed t-test; asterisks or NS indicate comparison to WENR→ENR control, * P < 0.05, ** P < 0.01.


Extended Data Figure 4 p38 activity drives differentiation and crypt formation in a mitochondrial ROS signalling dependent manner.
a, b, P38 activation was analysed by western blot and quantified. For gel source data see Supplementary Fig. 1. Organoids were treated with mitoTEMPO (0.5 mM overnight) or paraquat (7.5 mM, 1.5 h) (n = 3) (b). c, p38KTRClover organoids were challenged with anisomycin (75 μg ml−1) in order to analyse p38 activity. Images were obtained during 45 min after the addition of the compound. z-stacks of p38KTRClover or Hoechst/p38KTRClover ratio are represented as 3D projections and surface plot of 3D projections. Ratios are represented in either fire or real glow scale (ImageJ). d, Immunohistochemistry of p38 on mouse intestinal sections. e, f, Decreased differentiation and crypt formation upon p38 inhibition was analysed by differentiation assays (one representative experiment of n = 5) (e) and gene expression of Lyz1 and Lyz2 (f) in the presence of p38 inhibitors SB203580 and PH-797804. Mean and s.d. are shown (n = 5). Asterisks indicate comparison to WENR→ENR control; two-tailed paired t-test, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.


Extended Data Figure 5 Mitochondrial activity, mitochondria ROS signalling and p38 activity regulate stem cell function of Lgr5+ CBCs.
a, The effects of the indicated compounds on respiration and glycolysis were tested after 3 h of the treatments using mitochondrial stress test (Seahorse technology). Bars and error bars represent the mean of the basal ratios and s.e.m. of 4 independent experiments with 4 technical replicates each. b, Cell viability after mitochondria and glycolysis inhibition treatments on CBCs and Paneth cells. Primary intestinal Lgr5+ CBCs and Paneth cells were treated with the indicated compounds for 2 h and then washed and stained with PI before FACS. PI negative and positive cells were counted as alive and dead, respectively. Values are plotted as percentages of the untreated cells (100%) indicated as a dashed line. Mean and s.d. of 2 independent experiments with 2 technical replicates each are represented in the graph. c, Effect of lactate and inhibition of pyruvate mitochondrial transport on mitochondrial respiration. Maximal respiration was measured by performing mitochondrial stress test after two hours of incubation with glucose or lactate with or without UK5099. Mean and s.d. are shown of 3 independent experiments with 4 technical replicates in each. d, Effect of lactate and inhibition of pyruvate mitochondrial transport on mitochondrial superoxide production. Mitochondrial superoxide was measured by FACS analysis of single cells stained with MitoSOX after 2 h of incubation with the indicated compounds. The graph represents the mean and s.d. of 4 independent experiments. e, P38 activity was monitored in p38KTRClover organoids growing for three days in the indicated conditions. P38 activity is measured by the ratio of cells with active (cytosolic localization)/inactive (nuclear localization) of the signal. The graph shows the counting of one representative experiment of 3 independent ones and each dot represents one organoid. f, The effect of inhibition of pyruvate transport to mitochondria on stem cell function was measured as number of reconstituted organoids from primary Lgr5+ CBCs in the depicted conditions. The graph represent the mean and s.d. of 3 independent experiments. Two-tailed t-test, *P < 0.05, **P < 0.01, ***P < 0.001. g, Number of crypts per reconstituted organoid and representative images of the referred conditions. The plot represents mean and s.e.m. of 35 organoids of one representative experiment of n = 6. Mann–Whitney test, ****P < 0.0001. In a, c–e, organoids were grown on ENR, CHIR99021 and valproic acid to enrich them with stem cells and the experiments were performed on single cells after trypsinization. In b, f, g, experiments were performed in mouse intestinal crypt FACS-sorted cells.
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        Editorial Summary
Metabolism and gut regeneration
Small intestine crypts are regenerated throughout life thanks to self-renewing stem cells located at the bottom of crypts. Differentiated Paneth cells provide the signalling molecules that modulate the regenerative properties of these stem cells. The influence of metabolism on the self-renewal of the crypt has not been studied in great detail. Burgering and colleagues now show that, whereas intestinal stem cells rely on mitochondrial activity for their metabolic needs, Paneth cells use glycolysis, a process that provides the lactate that is required by the stem cells for their oxidative metabolism. This activates the p38 MAP kinase to ensure regeneration of a mature crypt. The findings suggest that the metabolism of certain intestinal cells has an important role in supporting stem cell function.
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