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            Abstract
The turnover of the intestinal epithelium is driven by multipotent LGR5+ crypt-base columnar cells (CBCs) located at the bottom of crypt zones1. However, CBCs are lost following injury, such as irradiation2, but the intestinal epithelium is nevertheless able to recover3. Thus, a second population of quiescent â€˜+4â€™ cells, or reserve stem cells (RSCs), hasÂ previously been proposed to regenerate the damaged intestine4,5,6,7. Although CBCs and RSCs were thought to be mutually exclusive4,8, subsequent studiesÂ have found that LGR5+ CBCs express RSC markers9 and that RSCs were dispensableâ€”whereas LGR5+ cells were essentialâ€”for repair of the damaged intestine3. In addition, progenitors of absorptive enterocytes10, secretory cells11,12,13,14,15Â and slow cycling LGR5+ cells16 have been shown to contribute to regeneration whereas the transcriptional regulator YAP1, which is important for intestinal regeneration, was suggested to induce a pro-survival phenotype in LGR5+ cells17. Thus, whether cellular plasticity or distinct cell populations are critical for intestinal regeneration remains unknown. Here we applied single-cell RNA sequencing to profile the regenerating mouse intestine and identified a distinct, damage-induced quiescent cell type that we term the revival stem cell (revSC). revSCs are marked by high clusterin expression and are extremely rare under homoeostatic conditions, yet give riseâ€”in a temporal hierarchyâ€”to all the major cell types of the intestine, including LGR5+ CBCs. After intestinal damage by irradiation, targeted ablation of LGR5+ CBCs, or treatment with dextran sodium sulfate, revSCs undergo a YAP1-dependent transient expansion, reconstitute the LGR5+ CBC compartment and are required to regenerate a functional intestine. These studies thus define a unique stem cell that is mobilized by damage to revive the homoeostatic stem cell compartment and regenerate the intestinal epithelium.
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                    Fig. 1: Irradiation induces a unique cell type in the intestinal epithelium.[image: ]


Fig. 2: CLU+ cells are rare but multipotent under homoeostasis.[image: ]


Fig. 3: CLU+ cells reconstitute damaged crypts.[image: ]


Fig. 4: CLU+ revSCs are required for intestinal regeneration.[image: ]
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                Data availability

              
              The scRNA-seq data reported in this study is available from Gene Expression Omnibus with accession code GSE123516. All other data used in this study are provided within the article as Source Data or are available from the corresponding authors upon reasonable request.

            

Code availability

              
              Citations for all previously described R packages used in this study are provided above, and the step-by-step scRNA-seq data analysis is described in graphical form in Extended Data Fig.Â 1a. Custom codes used for gene correlation analysis and pCreode-based pseudotime analysis are available at https://github.com/sandeep13712/wranalab-revscs.
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Extended data figures and tables

Extended Data Fig. 1 Analysis of scRNA-seq data.
a, Summary of bioinformatics workflow. b, Cell doublets are overlaid on t-SNE graphs using DoubletFinder. nÂ =Â 8,710 and nÂ =Â 6,644 single-cell transcriptomes for whole epithelium (samples 04 and 06) and enriched crypts (samples 05 and 07), respectively; seeÂ Methods. c, d, Unsupervised clustering of scRNA-seq data from whole epithelia (c; nÂ =Â 8,710 single-cell transcriptomes) and isolated crypts (d; nÂ =Â 6,644 single-cell transcriptomes). Unsupervised clusters are overlaid on the t-SNE map and are indicated by different colours and labelled according to their identity, on the basis of expression of cell-type-specific marker-gene expression. Cells from untreated controls (blue dots) or irradiated intestines (red dots) are also plotted as indicated. In c, median expression of epithelial cell markers (bottom left) and lymphocyte markers (bottom middle) are also shown. Heat maps (right) showing expression of indicated marker genes (c (right), d (right)) that identify distinct cell-types are shown. Note that the cluster 18 in d, highlighted by the question mark, does not express any lineage-specific markers. Gene-expression values are shown as median of log10(counts per million (CPM)). IM, immune cells.


Extended Data Fig. 2 Global changes in the cellular composition of irradiated intestinal epithelium.
a, Irradiation-induced changes in the cellular composition of the indicated intestinal epithelial cell types are plotted as perÂ cent of untreated controls. b, Frequency plot of Lgr5 expression levels in individual cells of the indicated samples. Note that radiation depletes Lgr5high cells in both whole epithelia and enriched crypt samples. c, Representative images of untreated and irradiated small intestines stained for CD45 (red), EPCAM (green), and counterstained for DAPI (blue). Note that CD45+ immune cells infiltrate crypts upon irradiation (nÂ =Â 3 mice each). d, Number of cells in the EC and CBC clusters from untreated (blue) or irradiated (red) intestines. e, Regional distribution of ECs and CBCs. scRNA-seq data from the indicated cell clusters were compared to zonation markers and transcriptional overlap between marker genes of the indicated individual CBC and EC clusters, and zone-specific gene signatures (seeÂ Methods) plotted as percentage. f, Regional distribution of intestinal epithelial cells. Number of CBCs (red) and all ECs (blue) that display the indicated zonation markers18 without (darker) or with (lighter) irradiation. Scale bar, 75Â Î¼m.

                          Source data
                        


Extended Data Fig. 3 Identification of a cell type generated in the irradiated intestinal epithelium.
a, Analysis of SSC1 and SSC2 showing expression of proliferation markers (left two panels), and the CBC signature (third from left), and individual CBC markers are overlaid on the crypt t-SNE graph (right three panels). nÂ =Â 6,644 single-cell transcriptomes. b, Expression of indicated genes is plotted on a t-SNE graph of enriched crypts (nÂ =Â 6,644 single-cell transcriptomes). c, Expression of Ly6a (also known as Sca-1) is shown in normal (top) and irradiated (bottom) cells of various enriched crypt clusters (nÂ =Â 6,644 single-cell transcriptomes). d, Expression of indicated cell-type-specific genes is plotted across all enriched crypt clusters. Note that none of the differentiated lineage markers are enriched in SSC2. pct.exp, percentage of cells that express the gene; avg.exp.scale, scaled average expression of the gene; Pro., proliferating cells. e, Heat map showing differentially expressed genes in SSC2aâ€“c. f, Expression of proliferation markers is overlaid on the SSC2 t-SNE map (nÂ =Â 313 single-cell transcriptomes). g, Overlap between the top-50 SSC1 genes with SSC2a versus SSC2c is shown with a list of genes common to SSC1 and SSC2a. h, Analysis of zonation marker expression (as in Extended Data Fig.Â 2e). Note that SSC2a contains almost all the proliferative cells, overlaps extensively with SSC1 and CBC markers, and expresses crypt-specific genes. i, Expression of indicated genes identifying SSC2b, is overlaid on the crypt t-SNE plot (nÂ =Â 6,644 single-cell transcriptomes). j, Clu expression is overlaid on the crypt t-SNE map (nÂ =Â 6,644 single-cell transcriptomes). k, Dot plot showing scaled expression of Clu, Lgr5 and Ascl2 in the indicated SSC2 populations. Gene-expression values are shown as absolute (a, b, c, j, for individual genes) or median (a, f, i, for multiple genes) of log10(CPM).


Extended Data Fig. 4 CLU+ cells are distinct from CBCs.
a, SSC2 t-SNE plots are overlaid with expression of the indicated genes (nÂ =Â 313 single-cell transcriptomes). Cluhigh cells are circled in each map (black circles) and cells co-expressing either Lgr5 (middle) or Ascl2 (right) are shown in green. No CLU+ cells co-expressing Lgr5 were observed, and CLU+ cells co-expressing Ascl2 were rare (green circles with green arrows, right). Gene-expression values of the indicated genes are shown as log10(CPM). b, Representative images and close-up views (yellow box and bottom panels) are shown of smFISH analyses of endogenous Clu (green) and Lgr5 (red) mRNA expression in the small intestine, counterstained with DAPI (blue) at the indicated times after irradiation. Note that CLU+ cells (green arrowheads) are distinct from LGR5+ cells (red arrowheads) with occasional examples of CLU+ cells at 3Â dpi that contain Lgr5 transcripts highlighted with yellow arrowheads (nÂ =Â 2 mice each). Analyses of non-irradiated intestines is shown in Fig.Â 2a. c, Endogenous Clu mRNA identified by smFISH (yellow) followed by BAC-Clu-GFP transgene visualization by immunostaining (green) is shown in irradiated small intestine. White arrowheads indicate cells co-expressing Clu and GFP (nÂ =Â 1 mouse). d, Immunohistochemistry analysis of Clu-GFP+ cells in small intestine of untreated (0 Gy) or irradiated (2â€“4Â dpi) mice (nÂ =Â 2 mice each). e, Either Lgr5-GFP+ or Clu-GFP+ cells within the EPCAM+ epithelial cell fraction of small intestine were quantified by flow cytometry (see Extended Data Fig.Â 5b) and are plotted as percentage at the indicated dpi (nÂ â‰¥Â 2 mice each). f, Immunostaining of Clu-GFP (green, yellow arrowheads) and OLFM4 (red, white arrowheads) expression in the crypt regions of small intestine. (nÂ =Â 2 mice). Scale bars, 35Â Î¼mÂ (b); 25Â Î¼mÂ (c); 40Â Î¼mÂ (d); 25Â Î¼mÂ (f).

                          Source data
                        


Extended Data Fig. 5 CLU+ cells are transiently generated following irradiation.
a, Plots of Clu-GFP+ and Lgr5-GFP+ quantification by FACS of single cells isolated from whole epithelium of the indicated mice analysed at different times after irradiation (nÂ =Â 2 independent experiments with similar results). b, Gating strategy used to first select EPCAM+ epithelial cells and calculate percentage of Clu-GFP+ and Lgr5-GFP+ population within EPCAM+ epithelial cell fraction shown in Extended Data Fig.Â 4e. c, Gating strategy used to select healthy single cells for the above flow cytometry analyses. (related to a and b; nÂ â‰¥Â 3 mice each). d, Gating strategy used for flow cytometry-based purification of GFP+ and GFPâˆ’ cells collected from enriched crypts of irradiated BAC-Clu-GFP mice for the Smart-Seq2 experiment shown in eâˆ’g (nÂ =Â 2 mice). e, Violin plot of Clu expression, which represents distribution of expression intensity of individual Clu mRNA values in single GFP+ and GFPâˆ’ epithelial cells purified in d and profiled by Smart-Seq2. f, t-SNE map of individual transcriptomes of Clu-GFP+ and Clu-GFPâˆ’ (red and blue dots, respectively, in middle panel) cells purified as in d. Two distinct clusters identified by unsupervised analysis are marked (left, orange and light blue), and presence of cells in GFP+ versus GFPâˆ’ populations are marked (middle). Expression of the indicated SSC2c signature is overlaid on the t-SNE plot (right). Gene-expression values (right) are shown as median of log10(CPM). g, Dot plot showing scaled expression of indicated SSC2c, proliferation, SSC2a, CBC and differentiated lineage markers in the clusters identified in f.


Extended Data Fig. 6 CLU+ cells are produced in a YAP1-dependent manner and are quiescent.
a, Expression of the indicated YAP1-signature genes is overlaid on the crypt t-SNE plot. Gene expression is shown as median of log10(CPM). nÂ =Â 6,644 single-cell transcriptomes. b, Endogenous Clu mRNA identified by smFISH (red) followed by visualization of E-cadherin-expressing epithelial cells by immunostaining (green) is shown in small intestine of wild-type or Yap1âˆ’/âˆ’ mice at 3Â dpi (nÂ =Â 3 mice). c, Representative immunohistochemistry images of Clu-GFP transgene expression in 2Â dpi wild-type or Yap1âˆ’/âˆ’ small intestines, or in untreated Lats1âˆ’/âˆ’Lats2âˆ’/âˆ’ (Lats1/2 KO) mutant small intestines (nÂ =Â 2 mice). d, Analysis of proliferation in CLU+ cells. Representative images (left) of Clu-GFP expression (green) and EdU incorporation (red) at 3Â dpi. Green arrowheads indicate GFP+EdUâˆ’ cells, red arrowheads indicate GFPâˆ’EdU+ cells and yellow arrowheads indicate GFP+EdU+ cells (nÂ =Â 65 images analysed). Pie graphs (right) show quantification of EdU+GFPâˆ’ cells (top) and EdU+ cells in the GFP+ population (bottom). Note that GFP+ cells rarely display EdU incorporation. Scale bars, 35Â Î¼mÂ (bâ€“d).


Extended Data Fig. 7 CLU+ cells contribute to intestinal regeneration.
a, Schematic of strategy used to generate Clucre-ERT2 knockin mouse line (top; also seeÂ Methods). Clucre-ERT2/+;Rosa26lsl-tdTomato/+ mice (ClutdTomato) treated with or without TAM, and analysed at 2 and 6Â dpi, as indicated, were stained using smFISH to simultaneously detect tdTomato and endogenous Clu mRNA transcripts (bottom left), or analysed by immunofluorescence at 6Â dpi in non-TAM treated mice (bottom right). Note that tdTomato and Clu strongly overlap in TAM-treated mice whereas no tdTomato is detected without TAM (nÂ =Â 2 mice). b, Representative images showing tdTomato expression detected in the indicated intestinal epithelia of ClutdTomato reporter mice in the presence or absence of irradiation (nÂ =Â 2 independent experiments with similar results), that were treated with TAM at 1Â dpi and analysed at 6Â dpi. Scale bars, 35Â Î¼mÂ (a); 70Â Î¼mÂ (b).


Extended Data Fig. 8 CLU+ cells are multipotent.
a, Representative images showing examples of single-cell tdTomato+ clones produced at either the +3 (left; note LYZ1+ PCs in crypt base) or +4 (top middle) positions relative to the crypt base, or at the cryptâ€“villus junction (bottom middle) one day after a single TAM injection. Position of LGR5+ CBCs is shown using non-TAM injected LGR5â€“GFP reporter mice (top left). Dotted lines indicate crypt boundaries (nÂ =Â 3 mice). b, Images showing tdTomato+ clone size in the crypts of ClutdTomato mice analysed at the indicated time points (nÂ â‰¥Â 3 mice). c, Small intestinal crypts imaged for tdTomato+ clones (red) and Lgr5-GFP+ cells (green), are shown at different chase times, as indicated. White arrows indicate tdTomato+ cells that do not express GFP, whereas yellow arrows identify cells co-expressing tdTomato and GFP (nÂ =Â 2 mice). d, Small intestines at the indicated chase times were stained and imaged for tdTomato and the indicated differentiated lineage marker: goblet cell, tuft cell, enteroendocrine cell (top; note white arrows that show lineage cells do not express tdTomato at 3Â dpt and 45Â dpt), or PC (bottom; note white arrows that indicate clonal tdTomato+ cells that do not express PC marker LYZ1 and yellow arrows identify cells co-expressing tdTomato and LYZ1) (nÂ =Â 2 mice each, experiment repeated once revealing similar results). e, tdTomato+ ribbons (red) at 60 and 148 dpt were co-stained for markers (yellow) identifying the indicated differentiated cells. Yellow arrows indicate co-expressing cells and white arrows identify LYZ1+ PCs that do not express tdTomato (nÂ =Â 2, mice). f, Schematic of the temporal hierarchy of lineage emergence within tdTomato+ clones. Scale bars, 35Â Î¼mÂ (aâ€“c); 30Â Î¼mÂ (d, e).


Extended Data Fig. 9 Differentiated progeny transition through CLU+ cells to produce de novo LGR5+ CBCs.
a, Gene correlation matrix for the indicated genes was calculated from the crypt scRNA-seq data (left) and used to generate a GCN (middle) with genes as nodes (labelled and coloured according to legend on the left) and correlations as edge colours (scale). The minimum spanning tree of the GCN is shown on the right. b, Illustration of experimental strategy and interpretation. (seeÂ Methods for detailed discussion). c, Related to b (subpanel (ii); top right), representative images of small intestines treated as indicated and co-stained for tdTomato (red) and GFP (green) (left: yellow arrows show crypts expressing Lgr5-GFP and tdTomato, and white arrows show crypts expressing Lgr5-GFP but not expressing tdTomato). Right, quantification of green and yellow crypt frequency (nÂ =Â 32 crypts across two mice each, two-tailed Mannâ€“Whitney test; data are meanÂ Â±Â s.e.m., two independent experiments performed with similar results). d, Related to b (subpanel (iii); bottom right), representative images of small intestines co-stained for tdTomato (red) and GFP (green) and labelled as in c. Flow cytometry plots to quantify co-expression are shown on the right. Note that tracing LGR5+ cells and their offspring at 7 and 6 dpt shows 98% of Lgr5-GFP+ cells also express tdTomato. Each data point represents a mouse; nÂ =Â 18 mice analysed; two-tailed Mannâ€“Whitney test; box plot shows the median, box edges represent the first and third quartiles, and the whiskers show minimum and maximum values; pooled data from two biologically independent experiments with similar results are shown. e, Representative images of Lgr5GFP-iDTR intestines stained for Lgr5-GFP (green), cleaved-caspase-3 (red) and DAPI (blue), 6 h after DT treatment, as indicated. White arrows show dying cells losing GFP expression and gaining cleaved caspase-3 activity (nÂ =Â 2 mice). f, Experimental scheme for single versus continuous ablation (left). Cells expressing tdTomato (white arrowheads) or endogenous Clu (yellow arrows) were identified using smFISH (RNAScope) (nÂ =Â 3 mice). Scale bars, 70Â Î¼mÂ (c, d); 30Â Î¼mÂ (e, f).

                          Source data
                        


Extended Data Fig. 10 YAP1 and CLU+ cells are required for efficient regeneration after injury.
a, Wild-type or Clucre-ERT2/+;Rosa26lsl-DTA/+ (Cluless) mice were irradiated and analysed at 3 and 5Â dpi. Small intestinal crypts were stained for the proliferation marker KI67 (green), and counterstained with EPCAM (red) and DAPI (blue). Nuclear KI67 staining, crypt numbers and crypt length were quantified (nÂ =Â 49 images analysed; two-tailed Mannâ€“Whitney test; box edges show 25th and 75th percentile, the central point is the median and whiskers represent minimum and maximum values. n.s., non-significant (PÂ >Â 0.05); *PÂ <Â 0.05, ***PÂ <Â 0.001. b, Representative images of intestinal epithelia from wild-type or YAP1-mutant mice at 3Â dpi visualized with EPCAM (red) and DAPI (blue) staining (left). Crypts per unit length of small intestine for the indicated mice and conditions are quantified (right; nÂ =Â 16 images analysed across two mice each; two-tailed Mannâ€“Whitney test; box edges show 25th and 75th percentile, the central point is the median and whiskers represent minimum and maximum values; the experiment was repeated once with similar results). c, Colons from wild-type and YAP1 mutants at 3Â dpi or untreated (normal) were analysed by immunohistochemistry (representative images; nÂ =Â 2 mice each). d, Images of non-irradiated, TAM-treated (10 days) wild-type and Cluless small intestines and colons stained for epithelial marker EPCAM (nÂ =Â 2 mice each). e, Colons dissected from non-irradiated, wild-type or Cluless mice (compare with Fig.Â 4b) (nÂ =Â 2 mice each). f, CLU+ revSCs are required for recovery from DSS. Mice of the indicated genotypes were treated with TAM in the presence or absence of DSS, as indicated (schematic, top). Body weight was measured daily and is plotted as change relative to starting weight (percentageÂ Â±Â s.d., nÂ =Â 62 total mice tested). g, Kaplanâ€“Meier survival curves for the indicated cohort of mice that were either exposed to DSS (2.5%) treatment or left untreated (number of mice of the corresponding genotype is indicated; two-sided log-rank test was applied to compare survival curves). h, Average crypt length in the small intestine is quantified (nÂ =Â 22 crypts, two-tailed Mannâ€“Whitney Test, box edges show 25th and 75th percentile, central point is median and whiskers represent minimum and maximum values). i, Representative images are shown of small intestinal and colonic tissues in the absence or presence of DSS treatment stained for endogenous Clu mRNA (red; white arrows) using smFISH (RNAScope), (nÂ =Â 2, mice each). j, Representative images showing that non-DSS treated control mice that received nine TAM injections developed rare ribbon formation in the small intestine and colon. Quantification of tdTomato ribbons formed in the presence of the indicated TAM treatment either without (blue), or with DSS (red) treatment is plotted as percent of cryptâ€“villus axes (nÂ =Â 10 images each across two treated mice each; two-tailed Mannâ€“Whitney Test; box edges show 25th and 75th percentile, central point is median and error bars represent minimum and maximum values, experiment was repeated once with similar results). Scale bars, 120Â Î¼mÂ (b, left, c); 70Â Î¼mÂ (d); 1.5Â cmÂ (e); 30Â Î¼mÂ (i); 75Â Î¼mÂ (j).
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