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            Abstract
Wntâ€“Î²-catenin signalling plays a pivotal role in the homeostasis of the intestinal epithelium by promoting stem cell renewal1,2. In the small intestine, epithelial Paneth cells secrete Wnt ligands and thus adopt the function of the stem cell niche to maintain epithelial homeostasis3,4. It is unclear which cells comprise the stem cell niche in the colon. Here we show that subepithelial mesenchymal GLI1-expressing cells form this essential niche. Blocking Wnt secretion from GLI1-expressing cells prevents colonic stem cell renewal in mice: the stem cells are lost and, as a consequence, the integrity of the colonic epithelium is corrupted, leading to death. GLI1-expressing cells also play an important role in the maintenance of the small intestine, where they serve as a reserve Wnt source that becomes critical when Wnt secretion from epithelial cells is prevented. Our data suggest a mechanism by which the stem cell niche is adjusted to meet the needs of the intestine via adaptive changes in the number of mesenchymal GLI1-expressing cells.
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                    Fig. 1: GLI1+ cells constitute an essential Wnt niche that supports IES cells in the colon and serve as a reserve niche in the small intestine.[image: ]


Fig. 2: GLI1+ cells constitute a heterogenous population with certain subsets localized in close proximity to epithelial crypts.[image: ]


Fig. 3: A specific sub-population of GLI1+ cells is enriched during regeneration following DSS-mediated epithelial damage.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 GLI1+ cells are localized adjacent to the base of crypts and are positive for the mesenchymal marker PDGFRA.
a, Sections of duodenal or colonic crypts. Immunohistochemistry for GLI1 (red), E-cadherin (green, top) or ACTA2 (green, bottom) and DAPI (blue) in the duodenum and colon. E-cadherin marks epithelial cells, ACTA2 marks myofibroblasts (mesenchymal cells). b, Cross-sections of duodenal or colonic crypts stained as in a. c, Expression of GLI1 overlaps with that of PDGFRA in mesenchymal cells of Gli1-CreERT2;lox-STOP-lox-tdTomato+;PdgfraEGFP+ mice 24 h after tamoxifen injection. Immunohistochemistry: direct detection of fluorescent proteins in frozen sections. tdTomato (red) marks GLI1+ cells, nuclear EGFP (green) is expressed in PDGFRA+ cells, counterstained with DAPI (blue). d, Intestinal mesenchymal cells isolated from Gli1-CreERT2;lox-STOP-lox-tdTomato+;PdgfraEGFP+ mice 24 h after tamoxifen injection were cultured in Mesencult medium for 5 days. Immunocytochemistry for EGFP (green) marking PDGFRA, tdTomato (red) for GLI1+, DAPI (blue). Full genotype: Gli1-CreERT2;lox-STOP-lox-tdTomatoTg/wt;Pdgfra-EGFPTg/wt; Tg indicates transgenic allele. Scale bar, 50Â Î¼m; IMCs,Â intestinal mesenchymal cells.


Extended Data Fig. 2 GLI1+ cells are persistent in vivo and can act as progenitor cells with potential for tri-lineage differentiation in vitro.
a, tdTomato+ cells are retained in the colon mesenchyme of Gli1-CreERT2;lox-STOP-lox-tdTomato mice 35Â days after a single tamoxifen injection. Immunohistochemistry: tdTomato (red) marks GLI1+ cells or their descendants, E-cadherin (green) denotes the shape of crypts, DAPI (blue) stains nuclei. Full genotype: Gli1-CreERT2;lox-STOP-lox-tdTomatoTg/w (Tg indicates transgenic allele). b, Sorted GLI1+(td Tomato+) cells have the capacity to differentiate towards adipocytes (Oil Red O staining), osteoblasts (Alizarin Red S staining) and smooth muscle (ACTA2). c, Undifferentiated GLI1+ (tdTomato+) cells express lower levels of ACTA2 than cells differentiated towards smooth muscle cells. Immunocytochemistry for ACTA2 (green) showing the control (undifferentiated) parallel to b. Scale bar, 50Â Î¼m.


Extended Data Fig. 3 GLI1+ cells are essential for the maintenance of the colonic epithelium but dispensable for the normal renewal of the small intestinal (duodenal) epithelium.
a, In the colon, blocking Wnt secretion from GLI1+ cells results in corrupted epithelial morphology in conjunction with loss of proliferation. As no Wnts are secreted from the colonic epithelium, blocking Wnt secretion from both epithelial (Villin-CreERT2 is active in all epithelial cells) and GLI1+ cells is similar to the situation in which Wnt secretion is ablated only in GLI1+ cells. Immunohistochemistry for Ki67 (red), E-cadherin (green) and DAPI (blue) in colon. Days after Cre induction are indicated. b, Normal epithelial morphology of the duodenum in Villin+Gli1-WlscKO animals 12Â days after Cre induction. Full genotypes: Gli1-WlscKO (Gli1-CreERT2;Wlsflox/flox), Villin+Gli1-WlscKO (Villin-CreERT2;Gli1-CreERT2;Wlsflox/flox). Scale bar, 50Â Î¼m.


Extended Data Fig. 4 Role of Wnt secretion by GLI1+ cells for the maintenance of intestinal epithelial stem cells differs between duodenum and colon.
a, In the duodenum, only simultaneous blocking of Wnt secretion from both the epithelium and GLI1+ cells abrogates the renewal of IES cells marked by LGR5. Immunohistochemistry: LGR5EGFP (green), DAPI (blue), direct detection of fluorescent protein in frozen sections. b, c, In the colon, blocking Wnt secretion from GLI1+ cells results in reduced expression of Wnt target genes and disappearance of IES cell markers (b). Abrogating GLI1-mediated Wnt secretion alters expression of Rspo1 and Rspo3 (c); (real-time RTâ€“qPCR, 12 and 14Â days after tamoxifen administration, nâ€‰=â€‰3 biologically independent mice, meanâ€‰Â±â€‰s.d.). d, e, Delivery of external Wnts (WNT3A and WNT2B) delays the loss of expression of the stem cell marker OLFM4 in the duodenal crypts of Villin+Gli1-WlscKO mice. Immunohistochemistry: OLFM4 (red), DAPI (blue). e, External Wnts (WNT3A and WNT2B) prolong the presence of actively proliferating cells and intact crypts within the colonic epithelium of Villin+Gli1-WlscKO mice. Immunohistochemistry: Ki67 (red), E-cadherin (green, marks epithelial cells), DAPI (blue). Scale bars, 50Â Î¼m. Full genotypes: Gli1-WlscKO (Gli1-CreERT2;Wlsflox/flox), Villin+Gli1-WlscKO (Villin-CreERT2;Gli1-CreERT2;Wlsflox/flox). Days after Cre induction are indicated.
Source Data.


Extended Data Fig. 5 GLI1+ cells restore the growth of intestinal organoids and maintain the intestinal epithelial stem cells in vitro.
a, GLI1+(tdTomato+) sorted cells change the morphology of duodenal organoids. Small intestinal (duodenal) organoids were cocultured with sorted GLI1+ IMCs. b, c, GLI1+(tdTomato+) sorted cells drive the growth of colonic organoids by providing Wnt ligands. Colonic organoids were cocultured with or without sorted GLI1+ IMCs and grown in medium as indicated. c, GLI1+ (tdTomato+) cells (red) sustain the growth of colonic organoids and small intestinal (duodenal) organoids with ablated Wnt secretion (WlscKO). d, e, Coculture with GLI1+ cells restored the growth of colonic and duodenal WlscKO organoids. The fraction of living organoids after 7Â days in culture is shown in the graph. Crypts were seeded at the same initial density. Summarizes data from two independent experiments (nâ€‰=â€‰2 biologically independent experiments, 3 replicates each); meanâ€‰Â±â€‰s.d. Organoids were cultivated in medium containing: ENRâ€‰=â€‰EGF, noggin, R-spondin1; ENRWâ€‰=â€‰EGF, noggin, R-spondin1, WNT3A. IMCsGLI1Â areÂ sorted GLI1+ IMCs. Scale bar,Â 50Â Î¼m. f, Scheme depicting how GLI1+ (tdTomato+) cells were sorted. g, Representative gating showing sorting of GLI1+ (tdTomato+) cells from Gli1-CreERT2;lox-STOP-lox-tdTomato mice.
Source Data.


Extended Data Fig. 6 GLI1+ cells constitute a heterogenous population.
a, Mesenchymal cells from Villin+Gli1-tdTomato mice (Villin-CreERT2;Gli1-CreERT2;lox-STOP-lox-tdTomato) 24Â h after tamoxifen injection were isolated by cell sorting (seeÂ Methods). Despite the removal of the majority of epithelial cells, some epithelial cells (expressing Villin, E-cadherin and other markers) were identified as a fully distinct cluster C9. This distinct epithelial cluster serves as an internal control for scRNA-seq. Unbiased t-SNE clustering analysis of colon stem cells. Each dot represents an individual cell. 4,464 single cells were successfully profiled; numbers of cells per cluster are: C1 (nâ€‰=â€‰1,267); C2 (nâ€‰=â€‰1,072); C3 (nâ€‰=â€‰723); C4 (nâ€‰=â€‰381); C5 (nâ€‰=â€‰222); C6 (nâ€‰=â€‰159); C7 (nâ€‰=â€‰77); C8 (nâ€‰=â€‰56); C9 (nâ€‰=â€‰507). Colours correspond to unbiased classification via graph-based clustering. b, Cdh1 and Vil in epithelial cluster C9. Log-normalized gene expression levels visualized on a t-SNE plot. Each dot represents an individual cell. To show clearly mesenchymal populations, cluster C9 was removed in other panels and figures. câ€“f, Co-expression of indicated mesenchymal markers and Wnt ligands simultaneously visualized using t-SNE plot. Each dot represents an individual cell. Blue and red colours indicate individual genes, green colour denotes cells with simultaneously high expression of both genes. (For all panels the cluster of non-mesenchymal cells (C9) was removed.)


Extended Data Fig. 7 GLI1+ cells constitute a heterogeneous population of mesenchymal cells.
a, Expression of indicated genes in distinct populations of GLI1+ cells. Log-normalized gene expression levels visualized on a t-SNE plot. Each dot represents an individual cell. b, c, Co-expression of Myh11, Foxl1, Wnt2 and RSpo3 simultaneously visualized using t-SNE plot. Each dot represents an individual cell. Blue and red colours indicate individual genes, green colour denotes cells with simultaneous high expression of both genes. (For all panels the cluster of non-mesenchymal cells (C9) was removed; for details see Extended Data Fig.Â 6a.)


Extended Data Fig. 8 GLI1+ cells are enriched during epithelial perturbations.
a, Scheme of the DSS-induced damage regimen. b, Regeneration of the colonic epithelium during recovery from DSS-mediated damage is associated with an increased number of GLI1+ cells. Immunohistochemistry for GLI1 (red), DAPI (blue) and E-cadherin (green) in the colon, 3 or 5Â days after the termination of DSS treatment. c, The increase in GLI1+ cells during regeneration after DSS-mediated damage does not correspond to the increased number of myeloid cells, such as macrophages (marked by F4-80) and CD11C-positive cells. Immunohistochemistry for GLI1 (red), and F4-80 (green) or CD11C (green, right) in the colon, 1 or 3Â days after termination of DSS treatment. DAPI marks nuclei. Insets depict the individual green channels. The panel with CD11C staining shows a similar area to the panel with GLI1/F4-80 staining (second from right). Owing to antibody incompatibility it was not possible to perform GLI1/CD11C double staining. Scale bar, 50Â Î¼m.


Extended Data Fig. 9 In the duodenum, blocking Wnt secretion from epithelial cells is compensated by an increased number of GLI1+ cells that respond to Hedgehog pathway activation.
a, The loss of Wnt secretion in the duodenal epithelium is compensated by an increased number of GLI1+ cells in the intestinal sub-epithelial layer. Immunohistochemistry for GLI1 (red), DAPI (blue) and/or E-cadherin (green) in the duodenum. b, Quantification of GLI1+ cells in control (nâ€‰=â€‰4 independent mice) and Villin-WlscKO (nâ€‰=â€‰4 independent mice) duodena. For each mouse, three different pictures showing transverse sections were counted. The individual data points show the average number of GLI1+ cells per picture; meanâ€‰Â±â€‰s.d. **PÂ â‰¤Â 0.01, (t-test, one-sided), Pâ€‰=â€‰0.008. c, Intestinal mesenchymal cells (from the duodenum) respond to stimulation of the Hedgehog pathway via recombinant SHH or smoothened agonist (SAG). Changes in the expression levels of Hedgehog target genes Gli1, Ptch1 and Ptch2 (RTâ€“qPCR, nâ€‰=â€‰2 biologically independent experiments, each 3 replicates, meanâ€‰Â±â€‰s.d.). d, Activation of the Hedgehog pathway by 100Â nM smoothened agonist (SAG) increased the number of GLI1+ cells in (unsorted) intestinal mesenchymal cells from the duodenum. Gli1-CreERT2;lox-STOP-lox-tdTomato+ mesenchymal cells were cultured for 5Â days with (or without) 100Â mM SAG and for the last 12Â h with 500Â nM 4-hydroxytamoxifen (4-OHT). Immunocytochemistry: tdTomato (red) marks GLI1+ cells, DAPI (blue). e, Blocking Wnt secretion from the small intestinal epithelium results in elevated levels of SHH. Immunohistochemistry: SHH (brown; DAB), nuclei (haematoxylin). f, Relative increase in the expression of Shh in the duodenum of Villin-WlscKO mice. IHH is another ligand secreted by cells of the intestinal epithelium; its expression is unchanged (RTâ€“qPCR, 12Â days after tamoxifen administration, nâ€‰=â€‰6 independent animals; meanâ€‰Â±â€‰s.d. *PÂ â‰¤Â 0.05, (one-sided t-test); P(SHH)â€‰=â€‰0.002, P(IHH)â€‰=â€‰0.2). Scale bar, 50Â Î¼m. Full genotypes: Villin-WlscKOÂ (Villin-CreERT2;Wlsflox/flox).
Source Data.
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