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            Abstract
The canonical Wnt/Î²-catenin signalling pathway governs diverse developmental, homeostatic and pathological processes. Palmitoylated Wnt ligands engage cell-surface frizzled (FZD) receptors and LRP5 and LRP6 co-receptors, enabling Î²-catenin nuclear translocation and TCF/LEF-dependent gene transactivation1,2,3. Mutations in Wnt downstream signalling components have revealed diverse functions thought to be carried out by Wnt ligands themselves. However, redundancy between the 19 mammalian Wnt proteins and 10 FZD receptors1 and Wnt hydrophobicity have made it difficult to attribute these functions directly to Wnt ligands2,3. For example, individual mutations in Wnt ligands have not revealed homeostatic phenotypes in the intestinal epithelium4â€”an archetypal canonical, Wnt pathway-dependent, rapidly self-renewing tissue, the regeneration of which is fueled by proliferative crypt Lgr5+ intestinal stem cells (ISCs)5,6,7,8,9. R-spondin ligands (RSPO1â€“RSPO4) engage distinct LGR4â€“LGR6, RNF43 and ZNRF3 receptor classes10,11,12,13, markedly potentiate canonical Wnt/Î²-catenin signalling, and induce intestinal organoid growth in vitro and Lgr5+ ISCs in vivo8,14,15,16,17. However, the interchangeability, functional cooperation and relative contributions of Wnt versus RSPO ligands to in vivo canonical Wnt signalling and ISC biology remain unknown. Here we identify the functional roles of Wnt and RSPO ligands in the intestinal crypt stem-cell niche. We show that the default fate of Lgr5+ ISCs is to differentiate, unless both RSPO and Wnt ligands are present. However, gain-of-function studies using RSPO ligands and a new non-lipidated Wnt analogue reveal that these ligands have qualitatively distinct, non-interchangeable roles in ISCs. Wnt proteins are unable to induce Lgr5+ ISC self-renewal, but instead confer a basal competency by maintaining RSPO receptor expression that enables RSPO ligands to actively drive and specify the extent of stem-cell expansion. This functionally non-equivalent yet cooperative interaction between Wnt and RSPO ligands establishes a molecular precedent for regulation of mammalian stem cells by distinct priming and self-renewal factors, with broad implications for precise control of tissue regeneration.
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                    Figure 1: Pan-RSPO inhibition by systemic overexpression of LGR5, RNF43 or ZNRF3 ECDs.[image: ]


Figure 2: Lineage tracing of Lgr5â€“eGFP+ ISCs upon systemic RSPO inhibition versus overexpression.[image: ]


Figure 3: Wnt analogue scFvâ€“DKK1c synergizes with RSPO to activate intestinal proliferation and substitutes for endogenous Wnt proteins to maintain Lgr5+ ISCs.[image: ]


Figure 4: Wnt ligands cannot augment Lgr5+ ISC number or substitute for RSPO but are required to prime ISCs for RSPO action.[image: ]


Figure 5: Single-cell transcriptomics of FACS-sorted Lgr5â€“eGFP+ cells after in vivo Wnt versus RSPO modulation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Characterization of recombinant ectodomain proteins and adenoviruses for RSPO inhibition.
a, Recombinant LGR5 ECD, RNF43 ECDâ€“Fc and ZNRF3 ECDâ€“Fc proteins purified by Ni-NTA affinity chromatography, Coomassie-stained SDSâ€“PAGE. b, Top, surface plasmon resonance analysis of LGR5 ECD binding to immobilized recombinant human RSPO1â€“RSPO4. Traces for RSPO1 are shown. Bottom, binding of RNF43 ECDâ€“Fc or ZNRF3 ECDâ€“Fc to mouse RSPO1â€“RSPO4 proteins. c, d, Recombinant LGR5-ECD inhibits recombinant human RSPO1 or recombinant mouse RSPO1â€“RSPO4 in a TOPflash Wnt reporter gene assay. Error bars represent s.e.m. *Pâ€‰<â€‰0.05, unpaired Studentâ€™s t-test. e, Recombinant ZNRF3 ECD (mouse ZNRF3 ECDâ€“Fc fusion) inhibits recombinant mouse RSPO1â€“RSPO4 in a TOPflash Wnt reporter assay. f, Recombinant RNF43 ECD (mouse RNF43 ECDâ€“Fc fusion) inhibits recombinant mouse RSPO1â€“RSPO4 in TOPflash Wnt reporter assay. Error bars represent s.e.m. Low, med and high refer to 50:1, 250:1, 1,000:1 molar ratios of the respective recombinant ECD to the appropriate RSPO protein. *Pâ€‰<â€‰0.05 versus the appropriate no ECD condition, unpaired Studentâ€™s t-test g, Time course of serum expression after a single intravenous injection of adenoviruses into C57Bl/6 mice. Top, anti-FLAG western blot was performed on serum at the indicated times after infection with Ad-LGR5-ECD (FLAG-tagged). Middle, time course of serum expression of ZNRF3 ECDâ€“Fc fusion after single intravenous injection of Ad-Znrf3-ECD. Anti-IgG2Î± Fc western blot. Bottom, time course of serum expression of RNF43 ECDâ€“Fc fusion after a single intravenous injection of Ad-Rnf43-ECD into C57Bl/6 mice. Anti-IgG2Î± Fc western blot. h, LGR5 ECD and ZNRF3 ECD bind simultaneously and non-exclusively to RSPO. Structure of RSPO1 (residues 40â€“132) highlighting distinct LGR5 ECD and ZNRF3/RNF43 ECD binding interfaces. i, Schematic of yeast display FACS experiment in which human RSPO2 is displayed on the extracellular surface via AGA2â€“Myc fusion. jâ€“l, Unstained control for RSPO2 furin 1â€“2 domain-expressing yeast (j) or stained individually with 500â€‰nM LGR5 ECDâ€“FLAG-His or ZNRF3 ECDâ€“Fc (k, l). m, n, Yeast were also stained sequentially with 500â€‰nM LGR5 ECDâ€“FLAG-His, washed, and then stained with a mixture of 500â€‰nM ZNRF3 ECDâ€“Fc plus 500â€‰nM LGR5 ECDâ€“FLAG-His to prevent competition or dissociation of LGR5 ECDâ€“FLAG-His. ZNRF3 ECDâ€“Fc was detected with Alexa Fluor 488-conjugated anti-mouse IgG. LGR5 ECDâ€“FLAG-His was detected with Alexa Fluor 647-conjugated anti-FLAG (m). The order of this experiment was then reversed (ZNRF3 ECDâ€“Fc first, then ZNRF3 ECDâ€“Fc plus LGR5 ECDâ€“FLAG-His) (n). The ability of the ZNRF3 and LGR5 ECDs to bind to RSPO2 simultaneously is shown by FACS staining in the top right quadrant (light green shading) (m, n).


Extended Data Figure 2 Time course of Ad-LGR5-ECD-induced ablation of Lgr5+ ISCs.
a, Lgr5â€“eGFP+ ISC signal is transiently lost from days 2â€“14 after single intravenous injection of Ad-LGR5-ECD, correlating with duration of transgenic overexpression of LGR5 ECD in sera of mice. Note that LGR5 ECD does not ablate the crypt compartment despite loss of Lgr5â€“eGFP+ ISC signal. b, Crypt-based Olfm4 expression is transiently lost from days 2â€“7 after single intravenous injection of Ad-LGR5-ECD. Olfm4 mRNA in situ hybridization. c, LGR5 ECD does not ablate crypt Ki67+ proliferation after Ad-LGR5-ECD despite loss of the Lgr5+ ISC signal. Scale bar, 50â€‰Î¼m. d, Higher magnification crypt images of Ki67+ cells after LGR5 ECD treatment. Scale bar, 20â€‰Î¼m. e, Quantification of d. Error bars represent s.e.m., Pâ€‰=â€‰0.1215, unpaired Studentâ€™s t-test. f, Villus heights are not altered by LGR5 ECD. Error bars represent s.e.m., Pâ€‰=â€‰0.2971, unpaired Studentâ€™s t-test. g, Strong suppression of Olfm4 in situ hybridization is observed on day 3 after treatment of mice with either Ad-Rnf43-ECD or Ad-Znrf3-ECD. Jejunum is shown.

                          Source data
                        


Extended Data Figure 3 LGR5 ECD reduces ISCs/progenitors but not via apoptosis.
a, LGR5 ECD functionally reduces the number of ISCs/progenitors in neonatal mice. Multi-colour clonal labelling of intestinal epithelial cells in jejunum of neonatal Villin-creER; Rosa26-Rainbow mice, 8 days after tamoxifen induction resulting in stochastic clonal labelling to one of four fluorescent colours and 7 days after infection with Ad-LGR5-ECD compared to control Ad-Fc. Ad-LGR5-ECD induced premature crypt monoclonality, reflecting a functional decrease in the number of clones operating to repopulate the epithelium under conditions of RSPO inhibition, consistent with a marked reduction in ISC/progenitor number. Scale bars, 50â€‰Î¼m. b, LGR5 ECD does not induce apoptosis. TUNEL staining of jejunum at the indicated days after single intravenous injection of Ad-LGR5-ECD into mice reveals absence of crypt apoptosis. Positive control TUNEL staining after DNase I treatment of sections is also shown. Scale bar, 50â€‰Î¼m. c, FACS quantitation of yellow:red (Lgr5+ ISC:differentiated) cell ratio from Fig. 2a. Error bars represent s.e.m. d, FACS quantification of yellow:red (Lgr5+ ISC:differentiated) cell ratio from Fig. 2d, 4 days after treatment. Error bars represent s.e.m. e, Ad-Rspo1 expands both Lgr5+ ISCs and Lgr5âˆ’ Ki67+ proliferative crypt cells consistent with ISC and transit amplifying cell expansion. Scale bar, 50â€‰Î¼m.

                          Source data
                        


Extended Data Figure 4 Multi-lineage differentiation upon LGR5 ECD, RNF43 ECD or ZNRF3 ECD treatment.
a, Enterocyte, goblet and enteroendocrine differentiation are preserved upon LGR5 ECD, RNF43 ECD or ZNRF3 ECD treatment. Adult mice received a single intravenous injection of the indicated adenoviruses encoding soluble ECDs of LGR5, RNF43 (Fc fusion) or ZNRF3 (Fc fusion), or RSPO1 (Fc fusion), and the jejunum was analysed at day 7 after injection by H&E or staining with anti-FABP1 (enterocyte), PAS (goblet) or anti-CHGA (enteroendocrine). Multi-lineage differentiation was maintained. b, LGR5 ECD but not RNF43 ECD or ZNRF3 ECD induces Paneth cell loss (day 7 after infection). Scale bar, 50â€‰Î¼m. c, LGR5 ECD induces transient Paneth cell loss. Time course of lysozyme expression in jejunum after single intravenous injection of Ad-LGR5-ECD into mice. Scale bar, 50â€‰Î¼m. Note ballooning degeneration and upward migration of lysozyme+ Paneth cells at days 3â€“4 (yellow brackets), followed by near-total Paneth cell loss at days 7â€“10 and return of Paneth cells at day 14 after injection. The Paneth cell loss (after day 3) occurs after the loss of Lgr5â€“eGFP signal (day 2, Extended Data Fig. 2), and Paneth cell return correlates with the time course of disappearance of LGR5 ECD serum expression (Extended Data Fig. 1g). d, Quantitation of Paneth cell loss in small intestine, day 7, nâ€‰=â€‰3 animals per condition, Error bars represent s.e.m., *Pâ€‰<â€‰0.05, unpaired Studentâ€™s t-test. e, Ad-LGR5-ECD induces loss of anti-CD166 immunofluorescence (CBC/Paneth marker), jejunum, day 7 after adenovirus treatment. f, H&E reveals ballooning degeneration and upward migration of lysozyme+ Paneth cells after Ad-LGR5-ECD treatment (yellow brackets and arrows), consistent with an intermediate cell phenotype. g, Electron microscopy analysis of intestinal crypts after Ad-LGR5-ECD intravenous injection reveals ballooning degeneration at days 3â€“4, followed by Paneth cell loss by day 7.

                          Source data
                        


Extended Data Figure 5 Wnt analogue scFvâ€“DKK1c functions via FZD receptors to support Lgr5+ ISCs and can substitute for endogenous Wnt proteins.
aâ€“c, Dose-dependent effects of Ad-scFvâ€“DKK1c with or without Ad-Rspo1 on the intestinal epithelium. a, H&E of jejunum on day 4 after adenovirus treatment. b, Mice were treated with adenovirus titres of 107 to 109 pfu. Ki67+ proliferation of jejunum on day 4 after adenovirus injection. c, Dose-dependent effects of scFvâ€“DKK1c on Wnt target cyclin D1. Jejunum, immunofluorescence, day 4 after adenovirus injection. Scale bars, 100â€‰Î¼m. d, Wnt analogue scFvâ€“DKK1c functionally substitutes for endogenous Wnt proteins in vivo to rescue Lgr5+ ISCs from C59-mediated loss. Loss of Lgr5â€“eGFP reporter signal (red box) by FACS analysis (left) and Olfm4 expression (right) from jejunum of mice treated with the small molecule PORCN inhibitor C59. Adenoviral overexpression of scFvâ€“DKK1c prevents C59-mediated ablation of the reporter signal. Mice were treated with C59 for a total of 4 days that began 2 days after adenovirus injection. Scale bar, 100â€‰Î¼m. e, Wnt analogue scFvâ€“DKK1c rescues in vivo phenotypes elicited by the Wnt antagonist FZD8 CRD. Ad-Fzd8-CRD-mediated loss of Olfm4 mRNA (top), Wnt target cyclin D1 immunohistochemistry (middle) and Ki67+ crypt proliferation (bottom) are rescued by concomitant adenoviral overexpression of scFvâ€“DKK1c. Jejunum, day 4 after treatment with adenovirus. Scale bars, 50â€‰Î¼m.


Extended Data Figure 6 Functional characterization of scFvâ€“DKK1c overexpression in vivo.
a, Crypt clonality in Actin-creER; Rosa-Rainbow mice on day 8 after tamoxifen to clonally label cells and day 7 after adenovirus injection. Recombinant adenovirus encoding either Fc, scFvâ€“DKK1c or LGR5 ECD was administered as a single intravenous injection into mice. Left, immunofluorescence; red box indicates an example of crypt areas used for quantification. Scale bar, 50â€‰Î¼m. Right, quantification of crypt clonality. Crypt clonality is not altered by scFvâ€“DKK1c versus Fc control (*Pâ€‰=â€‰0.2854), whereas LGR5 ECD treatment quickly establishes crypt monoclonality (that is, single colour), **Pâ€‰<â€‰0.0001, unpaired Studentâ€™s t-test. Error bars represent s.e.m. b, Lineage-tracing kinetics of scFvâ€“DKK1c treatment, 2 days after simultaneous tamoxifen and adenovirus treatment. Scale bar, 50â€‰Î¼m. c, Paneth cell homeostasis is not perturbed by scFvâ€“DKK1c overexpression. Days 4 and 7 after adenovirus treatment, jejunum. Scale bars, 50â€‰Î¼m. d, Wnt analogue scFvâ€“DKK1c does not accelerate radiation injury-induced epithelial repair. H&E after 10 Gy total body irradiation injury. Jejunum. Mice were pre-treated with adenovirus encoding either Fc or scFvâ€“DKK1c 2 days before 10 Gy irradation. Scale bar, 50â€‰Î¼m. e, Wnt analogue scFvâ€“DKK1c does not expand Olfm4+ ISCs. Olfm4 in situ hybridization demonstrates lack of Olfm4 expansion upon Ad-scFvâ€“DKK1c treatment compared to control and combinatorial treatment with RSPO1 does not expand Olfm4+ CBCs beyond the actions of RSPO1 alone. Jejunum, day 4 after treatment. Scale bar, 50â€‰Î¼m. f, Proliferative villus cells upon scFv-DKK1c plus RSPO1 treatment in Fig. 4a and Extended Data Fig. 6e do not express FABP1 by immunofluorescence staining.

                          Source data
                        


Extended Data Figure 7 Comparative effects of scFvâ€“DKK1c, WNT3A and scFVâ€“DKK1c-RSPO2 adenoviruses on the intestinal epithelium.
aâ€“c, Mice were treated with adenovirus encoding either scFvâ€“DKK1c or WNT3A with or without RSPO1/RSPO2 or scFvâ€“DKK1câ€“RSPO2, and tissue was collected on day 4 after treatment. The single-chain polypeptide scFvâ€“DKK1câ€“RSPO2 phenocopies combinatorial treatment with scFvâ€“DKK1c plus RSPO. The effects of scFvâ€“DKK1câ€“RSPO2 were present in a proximal-distal gradient and were confined to the proximal small intestine, in contrast to the effects of scFvâ€“DKK1c plus RSPO1 or RSPO2, which were pervasive throughout the small intestine. a, H&E of jejunum on day 4 after treatment. b, Ki67 immunofluorescence. c, CD44 immunofluorescence. Scale bars, 100â€‰Î¼m (aâ€“c). d, Lgr5-eGFP-IRES-creER; Rosa26-tdTomato mice were treated simultaneously with tamoxifen and intravenous adenovirus. Tissue was collected on day 4 after treatment. Notably, neither treatment with combined scFvâ€“DKK1c plus RSPO2 nor the single-chain polypeptide scFvâ€“DKK1â€“RSPO2 alters the lineage tracing of Lgr5+ ISCs compared to RSPO2 alone. Scale bar, 50â€‰Î¼m.


Extended Data Figure 8 Wnt analogue scFvâ€“DKK1c does not substitute for RSPO loss in vivo.
a, Wnt analogue scFvâ€“DKK1c restores crypts but not Olfm4 mRNA after dual ECD RSPO inhibition (LGR5 ECD plus ZNRF3 ECD). Adenoviral overexpression of scFvâ€“DKK1c does not rescue combined LGR5 ECD- and ZNRF3 ECD-mediated loss of Olfm4 expression (top), despite reversing loss of the Wnt target gene cyclin D1 (middle) as well as Ki67+ crypt proliferation (bottom). Jejunum, day 4 after treatment. Scale bar, 100â€‰Î¼m. b, Wnt analogue scFvâ€“DKK1c does not rescue Olfm4 expression after single ECD RSPO inhibition (LGR5-ECD). Olfm4 in situ hybridization, jejunum, day 4 after treatment with adenovirus. Scale bar, 100â€‰Î¼m.


Extended Data Figure 9 Single-cell RNA-seq, PCA and clustering.
aâ€“f, Single-cell RNA-seq quality control metrics used to filter out cells before PCA and clustering. a, Distribution of the number of genes detected per cell. Cells with more than 400 genes, but less than 4,400 genes, were selected for PCA (red dashed lines). b, Distribution of number of unique molecular identifiers (UMIs) detected per cell. Cells with more than 861 UMIs, but less than 13,250 UMIs, were selected for PCA analysis (red dashed lines). c, Distribution of percentage of mitochondria UMIs per cell. Cells with less than 10% mitochondrial UMIs were selected for PCA analysis (red dashed lines). d, Number of genes and percentage of mitochondria UMIs detected per cell. e, Number of genes and UMIs detected per cell. f, Standard deviation of PC. gâ€“h, Nine distinct clusters were detected among more than 13,000 single cells analysed by single cell RNA-seq. g, t-SNE projection of single cells, coloured by inferred cell type assignment. h, Normalized expression (centred) of the top variable genes (rows) from each of 9 clusters (columns) is shown in a heatmap. Numbers at the top indicate cluster number in g, with connecting lines indicating the hierarchical relationship between clusters. Gene symbols of markers from each cluster are shown on the right.


Extended Data Figure 10 Gene expression of additional marker genes in single-cell RNA-seq clusters upon Wnt versus RSPO modulation in vivo.
a, Reproduction of Fig. 5a for reference. b, t-SNE projection of more than 13,000 single cells divided over the 7 conditions, with each cell coloured based on their normalized expression of the indicated genes. UMI normalization was performed by first dividing UMI counts by the total UMI counts in each cell, followed by multiplication with the median of the total UMI counts across cells and calculation of the natural log of the UMI counts. Finally, each gene was normalized such that the mean signal for each gene is 0, and the standard deviation is 1. Note repression of CBC identity genes (Lgr5, Ascl2, Olfm4 and Rnf43) and Axin2 by LGR5 ECD and FZD8 CRD. Furthermore, Mki67 and Tuba1b are expressed in cycling Lgr5+ ISCs and transit amplifying cells but not non-cycling Lgr5+ ISCs at homeostasis (Fc), but are restricted only to transit amplifying cells after LGR5 ECD and FZD8 CRD. c, Similar t-SNE analysis of Fig. 5a for additional loci of interest (Lgr4, Tnfrsf19, Znrf3, Hist1h1b, Fzd2, Fzd7, Lrp5 and Lrp6). d, Normalized expression (centred) of the top variable genes (rows) of each sample (columns) against Fc control from Fig. 5a is shown in a heatmap. Sample numbers are shown at the top, with connecting lines indicating the hierarchical relationship between samples (based on the top variable genes identified). Gene symbols of markers from each cluster are shown on the right. â€˜Fc_negâ€™ indicates the Lgr5â€“eGFPâˆ’ population from an Ad-Fc-treated mouse.
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        Editorial Summary
Roles of Wnt and R-Spondin in the intestine
Wnt ligands interact with FZD and Lrp5/6-type receptors to influence diverse developmental, homeostatic and pathologic processes through Î²-catenin-dependent signalling. However, the promiscuity of Wnt ligands towards several receptors and the fact that Wnts can be hydrophobic make it difficult to produce therapeutic recombinant Wnts. Calvin Kuo and colleagues use a novel water-soluble Wnt agonist, developed by Chris Garcia and his team, in the mouse intestinal stem-cell niche to dissect the respective roles of R-spondin and Wnt ligands, both of which activate similar signalling receptors and pathways. They find that Lgr5+ intestinal stem cells normally differentiate unless both R-spondin and Wnt ligands are present. However, on their own, each ligand acts non-redundantly and in cooperation with Wnt agonist activating R-spondin receptors to maintain stem-cell competency.These receptorsare in turn activated in the presence of R-spondin to drive stem-cell expansion. Elsewhere in this issue, Chris Garcia and colleagues present their surrogate water-soluble Wnt agonists that have specificity towards certain FZDs.The new agonists act similarly to Wnt3 in differentiation assays towards the osteogenic lineage in vitro, can maintain intestinal organoid cultures, and have in vivo effects on the mouse liver. These water-soluble Wnt agonists could be used in a range of assays to understand this signalling pathway and modulate it in therapeutical applications.
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