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            Abstract
The initiation of an intestinal tumour is a probabilistic process that depends on the competition between mutant and normal epithelial stem cells in crypts1. Intestinal stem cells are closely associated with a diverse but poorly characterized network of mesenchymal cell types2,3. However, whether the physiological mesenchymal microenvironment of mutant stem cells affects tumour initiation remains unknown. Here we provide in vivo evidence that the mesenchymal niche controls tumour initiation in trans. By characterizing the heterogeneity of the intestinal mesenchyme using single-cell RNA-sequencing analysis, we identified a population of rare pericryptal Ptgs2-expressing fibroblasts that constitutively process arachidonic acid into highly labile prostaglandin E2 (PGE2). Specific ablation of Ptgs2 in fibroblasts was sufficient to prevent tumour initiation in two different models of sporadic, autochthonous tumorigenesis. Mechanistically, single-cell RNA-sequencing analyses of a mesenchymal niche model showed that fibroblast-derived PGE2 drives the expansion οf a population of Sca-1+ reserve-like stem cells. These express a strong regenerative/tumorigenic program, driven by the Hippo pathway effector Yap. In vivo, Yap is indispensable for Sca-1+ cell expansion and early tumour initiation and displays a nuclear localization in both mouse and human adenomas. Using organoid experiments, we identified a molecular mechanism whereby PGE2 promotes Yap dephosphorylation, nuclear translocation and transcriptional activity by signalling through the receptor Ptger4. Epithelial-specific ablation of Ptger4 misdirected the regenerative reprogramming of stem cells and prevented Sca-1+ cell expansion and sporadic tumour initiation in mutant mice, thereby demonstrating the robust paracrine control of tumour-initiating stem cells by PGE2–Ptger4. Analyses of patient-derived organoids established that PGE2–PTGER4 also regulates stem-cell function in humans. Our study demonstrates that initiation of colorectal cancer is orchestrated by the mesenchymal niche and reveals a mechanism by which rare pericryptal Ptgs2-expressing fibroblasts exert paracrine control over tumour-initiating stem cells via the druggable PGE2–Ptger4–Yap signalling axis.
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                    Fig. 1: Single-cell analyses of the intestinal mesenchyme reveal a rare fibroblast population that expresses Ptgs2 and its protein product Cox-2, located under the crypts.[image: ]


Fig. 2: Ptgs2-expressing fibroblasts drive tumour initiation by secreting PGE2 in the crypt microenvironment.[image: ]


Fig. 3: Fibroblast-derived PGE2 drives the expansion of RSCs with a Yap-driven pro-tumorigenic program via receptor Ptger4.[image: ]


Fig. 4: Epithelial Ptger4 induces Yap nuclear translocation, mediates RSC mobilization and drives tumour initiation.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Targeting DCAF5 suppresses SMARCB1-mutant cancer by stabilizing SWI/SNF
                                        
                                    

                                    
                                        Article
                                        
                                         27 March 2024
                                    

                                

                                Sandi Radko-Juettner, Hong Yue, … Charles W. M. Roberts

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A distinct Fusobacterium nucleatum clade dominates the colorectal cancer niche
                                        
                                    

                                    
                                        Article
                                         Open access
                                         20 March 2024
                                    

                                

                                Martha Zepeda-Rivera, Samuel S. Minot, … Christopher D. Johnston

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A single-cell atlas enables mapping of homeostatic cellular shifts in the adult human breast
                                        
                                    

                                    
                                        Article
                                         Open access
                                         28 March 2024
                                    

                                

                                Austin D. Reed, Sara Pensa, … Walid T. Khaled

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              All data that support the findings of this study are available within the paper and its Supplementary Information files. All Drop-seq data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) repository with the accession code GSE142431.

            

Code availability

              
              The code used for single-cell RNA-seq data analysis is available in GitHub (https://github.com/KlugerLab/Scripts_Roulis_et_al_2020).
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Extended data figures and tables

Extended Data Fig. 1 Mesenchymal Ptgs2 expression in the microenvironment of crypt stem cells.
a, Transmission electron microscopy photograph of the base of a mouse ileum crypt. P, Paneth cell; S, columnar basal stem cell; F, fibroblast. Scale bar, 5 μm. Indicative of independent observations in two experiments. b, Immunostaining for Lgr5–eGFP and Vimentin in the ileum of an Lgr5-eGFP-IRES-creERT2 mouse. Scale bar, 20 μm. Indicative of independent observations in one experiment. c, PTGS2 relative gene expression (RE) in intestinal epithelial cells (IECs) and stromal cells isolated from healthy human colonic tissues (n = 6 individuals). Statistical comparison performed with two-tailed Wilcoxon matched-pairs signed-rank test. d, Ptgs2 gene expression in IECs and stromal cells isolated from the ileum and the colon of wild-type mice (n = 4). Statistical significance was determined by two-tailed paired t-test. e, Biological replicates of the Drop-seq experiment shown in Fig. 1a visualized on the respective t-SNE plot depicting n = 3,179 mesenchymal cells. Mesenchymal cells were independently isolated from two groups of wild-type mice (biological replicates 1 and 2). From each of these isolations up to three independent Drop-seq samples were collected (A to C) for a total of five samples. f, All Ptgs2-expressing single cells (n = 1,136) detected in the experiment shown in Fig. 1a, c were analysed separately and re-clustered. Cluster annotations are visualized on a t-SNE plot. Violin plots display the entire distribution of gene expression levels per single cell in each cluster for key mesenchymal marker genes. F, fibroblasts. g, Schematic representation of the arachidonic acid metabolism pathway. For each mesenchymal cluster shown in Fig. 1a, violin plots display the entire distribution of gene expression levels per single cell for six genes involved in the metabolism of arachidonic acid to prostanoids. Data from n = 3,179 single mesenchymal cells are shown. h, Analysis of single-cell RNA-seq data (GSE11434) from the healthy human colonic mesenchyme3. Clustering results for n = 4,348 cells and cluster annotations are visualized on a t-SNE plot. The annotations of stromal populations are matched with the ones reported by Kinchen et al.3 on the basis of the respective markers. Expression levels of PTGS2 per single cell are visualized on a t-SNE plot. The entire range of gene expression levels per single cell for PTGS1, PTGS2 and key mesenchymal marker genes is displayed in violin plots. Data are mean ± s.e.m.; ns, non-significant; *P < 0.05; **P < 0.01.

Source Data



Extended Data Fig. 2 Location of major fibroblast populations in the mouse intestine.
a, Detection of Pdgfra-expressing mesenchymal cells in the intestine of adult Pdgfra-H2B-eGPF-knockin mice4. Two distinct populations of Pdgfrahigh and Pdgfralow mesenchymal cells were detected in fixed tissue sections by direct eGFP fluorescence (green) and confocal microscopy. Nuclei are stained with DAPI (blue). Pdgfrahigh cells are located under the epithelium along the crypt–villus axis and in the muscularis propria. They form clusters at the tips of villi and the apical part of the colonic mucosa. Pdgfralow cells are located in the inner part of the villi, the pericryptal area and the submucosa. Filled arrows indicate pericryptal Pdgfralow cells. Open arrows indicate subepithelial Pdgfrahigh cells. M, mucosa; V, villus; SM, submucosa; MP, muscularis propria. Scale bars, 20 μm. Data are representative of six independent experiments. b, Detection of Pdgfrahigh and Pdgfralow fibroblasts in the fresh, intact intestine of adult Pdgfra-H2B-eGPF-knockin mice4 by two-photon microscopy. The cells were detected by direct eGFP fluorescence (green). Pdgfrahigh cells are predominant in the muscularis propria, whereas Pdgfralow cells are predominant in the submucosa. Both populations are present in the mucosa. Data are representative of independent observations from one experiment. Scale bars, 100 μm. c, Detection of Pdgfrahigh and Pdgfralow fibroblasts in the intestine of Pdgfra-H2B-eGPF-knockin embryos on embryonic day 15 (E15.0) and in early postnatal development. E15.0: clusters of Pdgfrahigh cells in early villi are indicated by white arrows. Pdgfralow mesenchymal cells occupy the rest of the mesenchyme (asterisks). P0: Pdgfrahigh cells are observed in the villi (V) and Pdgfralow cells are observed both in the villi and in the rest of the mesenchyme (asterisks). P15: Pdgfralow cells surround an early crypt (C) and Pdgfrahigh cells are located at the edges of the crypt (open white arrows). Pdgfralow cells occupy the inner mesenchyme (asterisks). Data are representative of independent observations from one experiment per developmental stage. Scale bars, 20 μm. d, The location of Fgfr2-expressing mesenchymal cells was determined in the intestine of an Fgfr2-T2A-H2B-mCherry-knockin mouse5, by detecting direct mCherry fluorescence (red) in the nucleus (blue, DAPI). The arrows indicate pericryptal Fgfr2+ fibroblasts. Data are representative of independent observations from one experiment. Scale bars, 20 μm. e, Immunostaining for laminin A1 (encoded by Lama1), the epithelial marker E-cadherin and the mesenchymal marker vimentin in the normal mouse intestines shows that laminin A1 is detected specifically at the mesenchymal–epithelial interface. Data are representative of two independent experiments. Scale bars, 5 μm. f, In-situ hybridization analysis showing the location of Rspo1-expressing cells in the normal mouse colon. The position of Rspo1-expressing cells along the crypt axis was quantified in 40 × 80 μm2 sub-epithelial areas at the base, middle and top sections of n = 9 crypts. Unpaired two-tailed Student’s t-test. Mean ± s.e.m. **P < 0.01.
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Extended Data Fig. 3 Mice with fibroblast-specific ablation or fibroblast-restricted expression of Cox-2.
a, Immunofluorescence of ileum and colon sections from Col6-cre-Rosa26tdTomato/+ mice (scale bar, 20 μm) and of a small intestinal tumour section from an ApcMin/+-Col6-cre-Rosa26tdTomato/+ mouse (scale bar, 150 μm). Data are representative of two experiments. b, Efficiency of Col6-cre-mediated recombination of a lox-stop-lox tdTomato reporter in Pdgfrahigh and Pdgfralow Cd45− cells determined by flow cytometry in intestinal mesenchymal and lamina propria cells isolated from the small intestine and the colon of Col6-cre-Rosa26tdTomato/+PdgfraeGFP/+ mice in one experiment. c, Ptgs2 relative gene expression (RE) in whole tissue, isolated IECs, FACS-sorted Col6Cre+ fibroblasts (CD45−tdTomato+) and Col6Cre− mesenchymal cells (CD45−tdTomato−) from the small intestine of Col6-cre-Rosa26tdTomato/+ mice (n = 3, pooled). Representative of two experiments. d, Efficiency of Col6-cre-mediated Ptgs2 gene ablation in Col6-Cre+ mesenchymal cells determined by RT–qPCR analysis of Ptgs2 expression in FACS-sorted Col6-cre+ fibroblasts (eGFP+) from the small intestine of Col6-cre-Rosa26mT/mGPtgs2f/+ (n = 3) and Col6-cre-Rosa26mT/mGPtgs2f/f (n = 3) mice. Unpaired two-tailed Welch's t-test. e, Expression of the Ptgs2 gene in whole tissue ileum of littermate Ptgs2f/f and Ptgs2ΔFibr mice (n = 7 each). Two-tailed t-test. f, Spleen weight of 5.5-month-old ApcMin/+Ptgs2f/f (n = 8) and ApcMin/+Ptgs2ΔFibr (n = 6) mice. Average spleen weight of (n = 6) normal littermates (Ptgs2f/f) is displayed for comparison. Two-tailed t-test. g, Survival analysis of ApcMin/+Ptgs2f/f (n = 12) and ApcMin/+Ptgs2ΔFibr (n = 12) mice. A two-tailed P = 0.00009687 was calculated by log-rank test. h, Size of 274 adenomas from 5.5-month-old ApcMin/+Ptgs2f/f (n = 16) and ApcMin/+Ptgs2ΔFibr (n = 18) mice. The whiskers extend from minimum to maximum and the box extends from the 25th to 75th percentiles with the median indicated. Two-tailed Mann–Whitney test. i, Generation of knockin mice bearing a lox-stop-lox cassette insertion in intron-3 of the Ptgs2 gene which prevents its expression (Ptgs2OFF). Col6-cre-mediated excision of the lox-stop-lox cassette reactivates Ptgs2 expression specifically in fibroblasts (Ptgs2FibrON). The orange box depicts an frt site remaining from the flp-mediated removal of an frt-flanked PGK-neomycin selection cassette (see Methods). j, Ptgs2f/f (n = 30) and Ptgs2ΔFibr (n = 24) mice were subjected to 10 weekly intraperitoneal injections with 10 mg kg−1 azoxymethane as displayed. Quantification of the number of dysplastic foci and microadenomas per mouse and quantification of tumour size is shown. Statistical significance was tested by two-tailed Mann–Whitney test. k, Quantification of intestinal epithelial populations in the ileum of littermate Ptgs2f/f and Ptgs2ΔFibr mice (n = 3–5 per genotype). Immunostaining was performed for markers of Paneth cells (lysozyme), tuft cells (Dclk1), enteroendocrine cells (chromogranin A) and stem cells (Olfm4). Goblet cells were identified by periodic acid Schiff (PAS) staining and enterocytes were identified by detecting alkaline phosphatase enzymatic activity. Incorporation and immunohistochemical detection of BrdU was used to determine the numbers of cycling cells. Data for each mouse represent mean number of positive cells per crypt or crypt–villus unit as indicated. N = 400–822 crypts and/or villi were evaluated per staining. Statistical comparisons were performed with two-tailed unpaired t-test except for Olfm4+ cells for which unpaired t-test with Welch’s correction was applied. Scale bars, 50 μm. All data represent mean ± s.e.m. unless otherwise indicated. ns, non-significant; *P < 0.05, **P < 0.01, ***P < 0.001.
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Extended Data Fig. 4 PGE2-driven spheroids contain more functional stem cells.
a, Crypts isolated from the small intestine of wild-type mice were grown into organoids by 3D culture with OGM or OGM that was supplemented daily with 0.1 μM 16,16-dimethyl PGE2 (dmPGE2). Indicative images and quantification of the absolute numbers of organoids and spheroids grown per 3D structure are shown. n = 6 3D cultures were evaluated per condition. Scale bar, 100 μm. b, Assessment of stem-cell activity in organoids or PGE2-driven spheroids grown as in a by dissociation into single cells and 3D culture in OGM. Growth of crypts and organoids from the same initial number of cells was quantified on day 14. The results are indicative of five independent experiments starting from independent crypt isolations. c, Normal crypts were grown into organoids with OGM in a 3D co-culture with primary mouse intestinal fibroblasts with or without 10 μM ONO-AE3-208 (Ptger4/EP4 inhibitor). Indicative images and quantification of the absolute numbers of organoids and spheroids grown per 3D structure are shown. n = 6 3D co-cultures were evaluated per condition. Scale bar, 200 μm. d, Separation of n = 2,192 fibroblasts and epithelial cells in single-cell RNA-seq data from fibroblast–crypt organotypic cultures on the basis of the expression of key marker genes. Expression of intestinal epithelial marker genes (Epcam, Atp1b1 and Krt8) and fibroblast marker genes (Sparc, Col1a1 and Col3a1) in single cells from Ptger4-ON and Ptger4–OFF fibroblast–crypt co-cultures is shown projected onto t-SNE plots. e–j, Single-cell data from Ptger4-ON and Ptger4–OFF fibroblast–crypt co-cultures as shown in Fig. 3d, visualized on the respective t-SNE plot depicting n = 1,585 epithelial cells. e, Expression of epithelial population-specific signatures (metagenes) per single epithelial cell. Population signatures were calculated on the basis of single-cell profiling of the mouse intestinal epithelium15. f, Cell cycle analysis of single epithelial cells projected onto the t-SNE plot. g–j, Expression levels of metagenes for the signatures or transcriptional programs of RSC16 (g), β-catenin (h), Yap (i) and early (non-tumour) ApcMin/+ tumorigenesis (j) per single epithelial cell projected onto t-SNE plots. k, Data from n = 1,585 single epithelial cells, visualized in violin plots for each co-culture condition (Ptger4-ON or Ptger4-OFF). The entire range of metagene expression levels per single epithelial cell for the signatures or transcriptional programs of RSCs, β-catenin, Yap and early ApcMin/+ tumorigenesis is displayed. In a, c, two-way ANOVA. Data are mean ± s.e.m. ****P < 0.0001.
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Extended Data Fig. 5 Expression of PGE2 receptors in mouse and human tissues.
a, RT–qPCR analysis for Ptger1, Ptger2, Ptger3 and Ptger4 genes across 12 mouse tissues. Expression relative to B2m is displayed as 2−ΔCt. Data represent one experiment. MLN, mesenteric lymph nodes. b, RT–qPCR analysis for Ptger1, Ptger2, Ptger3 and Ptger4 genes in isolated IECs and matched stromal fractions from the small intestine (ileum) and the colon of wild-type mice (n = 4). Statistical comparisons were performed by two-tailed paired t-test. c, Expression levels of Ptger1, Ptger2, Ptger3 and Ptger4 genes determined by RNA-seq in FACS-sorted intestinal epithelial cell populations in 2 or 3 biological replicates and displayed as FPKM (fragments per kilobase of transcript per million mapped reads). Data retrieved from the GSE83394 GEO dataset. d, Expression levels of the human PTGER1, PTGER2, PTGER3 and PTGER4 genes in matched normal colon and tumour tissues from colorectal cancer patients (n = 41), determined by RNA-seq and displayed as FPKM. Data retrieved from The Cancer Genome Atlas for colon adenocarcinoma (TCGA–COAD dataset). Statistical comparisons were performed by two-tailed Wilcoxon matched-pairs signed-rank test. e, Analysis of single-cell RNA-seq data16 (GSE117783) from crypts isolated from the small intestine of normal mice (blue) and mice treated with 12 Gy irradiation (red). n = 6,644 single cells are visualized on t-SNE plots based on the experimental condition (normal, n = 2,882; irradiated, n = 3,762) and the clustering results. Violin plots represent the entire distribution of Ptger4 expression levels per single cell in each cluster and in each condition. The annotations of epithelial populations are matched with the ones reported by Ayyaz et al.16 on the basis of the respective markers. b–d, Mean ± s.e.m.; ns, non-significant; *P < 0.05; **P < 0.01.
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Extended Data Fig. 6 PGE2–Ptger4 drive the induction of Yap target genes in intestinal organoids.
a, Volcano plot displaying the results of differential gene-expression analysis performed in single epithelial cells from Ptger4-ON and Ptger4–OFF fibroblast–crypt co-cultures (n = 1,585). Yap1 and Yap target genes18 are indicated. Moderated t-test with false-discovery rate (Benjamini–Hochberg) correction. b, Expression levels of the genes indicated in single epithelial cells from Ptger4-ON and Ptger4–OFF fibroblast–crypt co-cultures (n = 1,585), projected onto t-SNE plots. c, Experimental setup for data shown in d, e. Crypts were grown into organoids or spheroids by 3D culture in OGM or OGM that was supplemented daily with 0.1 μM dmPGE2 for 7 days. Gene expression levels were measured by RT–qPCR on day 7. d, Relative expression of Yap target genes (Ly6a, Clu, Il1rn, Msln and Cxcl16) in day 7 organoids and PGE2-driven spheroids developed from wild-type crypts. N = 3 3D cultures per condition. Two-tailed Welch’s t-test. e, Relative expression of Yap target genes in day 7 organoids and PGE2-driven spheroids developed from crypts isolated from Ptger4f/f and Ptger4ΔIEC mice. n = 3 3D cultures per genotype and condition. One-way ANOVA. f, Correlation between the expression levels of metagenes of a Yap transcriptional program and an early (non-tumour) ApcMin/+ tumorigenesis transcriptional program in single epithelial cells (n = 1,585) from the Ptger4-ON and Ptger4–OFF fibroblast–crypt co-cultures of Fig. 3. g, Small intestinal crypts were grown into organoids or spheroids with OGM or OGM that was supplemented daily with 0.1 μM dmPGE2. Western blot analysis for Yap1 and β-actin was performed in total lysates from untreated organoids, organoids treated with 0.1 μM dmPGE2 for 16 h and untreated spheroids. Data from one organoid and three independent spheroid cultures. h, Relative expression of the Yap1 gene and Yap target genes in wild-type organoid cultures treated with 0.1 μM dmPGE2 for 13 h, as determined by RT–qPCR. n = 3–5 cultures per condition. Statistical comparisons were performed with unpaired two-tailed t-test. For Ly6a, Welch’s correction was applied. i, Western blot analysis for Ser127 pYap and total Yap performed in total lysates from wild-type organoids stimulated with 0.1 μM dmPGE2 for the indicated time-points. Indicative of five independent experiments. j, Relative expression of Yap target genes in wild-type organoids treated with 1 μM verteporfin and 0.1 μM dmPGE2 for 13 h. n = 3–4 cultures per condition. Statistical comparisons were performed with unpaired two-tailed t-test, two-tailed Welch’s t-test or Mann–Whitney test on the basis of the criteria described in Methods. All data are mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Source Data



Extended Data Fig. 7 Genetic ablation of Yap prevents spheroid formation and Sca-1+ stem-cell expansion in fibroblast–crypt organotypic co-cultures.
a, Crypts isolated from the small intestines of Yap1f/f and Yap1ΔIEC mice were grown into organoids by 3D culture with OGM supplemented with 0.5 mg ml−1 recombinant mouse epiregulin (Ereg) as previously described18, or in a co-culture with wild-type primary mouse intestinal fibroblasts with OGM without Ereg supplementation. Indicative images and quantification of the percentages of crypts, organoids and spheroids grown per 3D structure are shown. n = 2 cultures per condition. Data are representative of two independent experiments. Scale bars, 100 μm. Two-way ANOVA. Data represent mean ± s.e.m. ****P < 0.0001. b, Intestinal crypts isolated from the small intestines of Yap1f/f and Yap1ΔIEC mice were co-cultured with wild-type primary mouse intestinal fibroblasts. On day 4, these co-cultures and control Yap1f/f organoid cultures were processed into single-cell suspensions and analysed by flow cytometry for Sca-1 expression in Cd24+ epithelial cells. n = 2 cultures per condition. Scale bars, 100 μm. FSC, forward scatter. Unpaired two-tailed t-test. Mean ± s.e.m. ***P < 0.001.
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Extended Data Fig. 8 Ptger4 ablation does not affect epithelial lineage differentiation and stem-cell function.
a, Ptger4 gene expression in crypts isolated from the ileum of littermate Ptger4f/f and Ptger4ΔIEC mice (n = 3 mice per genotype) and in organoids grown from these crypts (n = 3 cultures per genotype) determined by RT–qPCR analysis. Two-tailed unpaired t-test. b, Single-cell RNA-seq (Drop-seq) was performed in crypt epithelial cells isolated from littermate Ptger4f/f and Ptger4ΔIEC mice. Data for 2,439 single epithelial cells are shown in a t-SNE plot. c, Biological replicates visualized on a t-SNE plot. Crypt epithelial cells were independently isolated from two groups of mice per genotype (biological replicates 1 and 2). From the first biological replicate, two independent Drop-seq samples were collected (A and B) for a total number of three samples per genotype. d, Clustering and cluster assignments of 2,439 single epithelial cells displayed on a t-SNE plot. e, Proportion of each epithelial cluster among total crypt epithelial cells in Ptger4f/f and Ptger4ΔIEC mice. f, Violin plots showing the entire range of expression levels for a metagene of the β-catenin transcriptional program in n = 2,439 single epithelial cells from Ptger4f/f and Ptger4ΔIEC mice. g, Analysis of all Ptger4-expressing single cells detected (n = 478). Re-clustering results of Ptger4-expressing single cells with cluster annotations are visualized on a t-SNE plot. The expression levels of key marker genes for these clusters are visualized on t-SNE plots. h, Lineage tracing of Ptger4 heterozygous (Ptger4-HET) and Ptger4-knockout (Ptger4-KO) Lgr5+ stem cells. The small intestines of Lgr5-creERT2-Rosa26tdTomato/+Ptger4f/+ (Ptger4-HET) and Lgr5-creERT2-Rosa26tdTomato/+Ptger4f/f (Ptger4-KO) mice were examined for direct tdTomato fluorescence 5 days after a single injection of 2 mg tamoxifen per mouse. The results shown are representative of independent observations from one experiment. Scale bars, 70 μm. i, Quantification of intestinal epithelial populations in the ileum of littermate Ptger4f/f (n = 5) and Ptger4ΔIEC (n = 5) mice. Immunostaining was performed for markers of Paneth cells (lysozyme), tuft cells (Dclk1), enteroendocrine cells (chromogranin A) and stem cells (Olfm4). Scale bars, 20 μm. Goblet cells were identified by PAS staining and enterocytes were detected by alkaline phosphatase enzymatic activity. Scale bars, 50 μm. Incorporation and immunohistochemical detection of BrdU was used to determine the numbers of cycling cells. Scale bars, 50 μm. Data for each mouse represent mean number of positive cells per crypt or crypt–villus unit as indicated. n = 217–565 crypts and/or villi were evaluated per staining. Statistical comparisons were performed with two-tailed unpaired t-test except for PAS+ cells, for which unpaired Welch's t-test was applied. Mean ± s.e.m.; ns, non-significant; **P < 0.01.
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Extended Data Fig. 9 Nuclear localization of Yap and activation of Yap target genes in ApcMin/+ and azoxymethane-induced tumorigenesis.
a, Immunostaining for Yap in the small intestine of five-month-old ApcMin/+ and wild-type littermate control mice. Nuclear localization of Yap is displayed on the basis of colocalization with DAPI. Normal (N) and tumour (T) areas of the ApcMin/+ intestine are indicated. Scale bars, 70 μm. Data are indicative of at least ten different tumour areas. b, Immunostaining for Sca-1 and the epithelial marker E-cadherin in normal and tumour areas of the small intestine of five-month-old ApcMin/+ mice. Indicative of two independent experiments. c, Immunostaining for Yap in the colon of wild-type mice subjected to 10 weekly intraperitoneal injections with 10 mg kg−1 azoxymethane as indicated and in untreated controls. Nuclear localization of Yap is displayed on the basis of colocalization with DAPI. Scale bars, 20 μm. Data indicative of three mice analysed. d, Relative expression of the Yap target gene Clu in normal and tumour areas of the colon of wild-type mice (n = 8) subjected to 10 weekly intraperitoneal injections with 10 mg kg−1 azoxymethane as shown in c. Two-tailed Mann–Whitney test. e, Relative expression of Yap1 and Yap target genes in the small intestine of 5-week-old Ptger4f/f (n = 3), ApcMin/+Ptger4f/f (n = 6) and ApcMin/+Ptger4ΔIEC (n = 8) mice. Statistical comparisons were performed with two-tailed t-test for Yap1 and Il1rn and with two-tailed Mann–Whitney test for Ly6a. f, Spleen weight of 5.5-month-old ApcMin/+Ptger4f/f (n = 8) and ApcMin/+Ptger4ΔIEC (n = 7) mice. Average spleen weight of (n = 2) normal littermates (Ptger4f/f) is displayed for comparison. Two-tailed t-test. g, Size of 72 adenomas from 5.5-month-old ApcMin/+Ptger4f/f (n = 6) and ApcMin/+Ptger4ΔIEC (n = 4) mice. The whiskers extend from minimum to maximum and the box extends from the 25th to 75th percentiles with the median indicated. Two-tailed Mann–Whitney test. Mean ± s.e.m.; ns, non-significant; *P < 0.05; **P < 0.01.
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Extended Data Fig. 10 PGE2–PTGER4 controls stem-cell function in human colonic crypts and YAP displays a nuclear localization in human colorectal tumours.
a, Human colonic crypts were grown into organoids by 3D culture with OGM or OGM supplemented daily with 0.1 μM dmPGE2, with or without 10 μM ONO-AE3-208 (PTGER4–EP4 inhibitor). Images indicative of three independent experiments with crypts isolated from three patients are shown. Scale bar, 100 μm. b, Immunostaining for YAP in sections of human colorectal adenomas or adenocarcinomas and neighbouring normal tissue areas. Nuclear localization of Yap is displayed on the basis of colocalization with DAPI. Clearly defined normal (N) and tumour (T) areas are indicated wherever applicable. Images shown are representative of specimens obtained and analysed from n = 16 patients with the types of colorectal tumours indicated. Patient characteristics and the type of colorectal tumour per individual are described in the Supplementary Table 3. c, Schematic representation of the mechanism proposed in the present study. TISC, tumour-initiating stem cell.
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