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            Abstract
Mammalian Wnt proteins are believed to act as short-range signals1,2,3,4, yet have not been previously visualized in vivo. Self-renewal, proliferation and differentiation are coordinated along a putative Wnt gradient in the intestinal crypt5. Wnt3 is produced specifically by Paneth cells6,7. Here we have generated an epitope-tagged, functional Wnt3 knock-in allele. Wnt3 covers basolateral membranes of neighbouring stem cells. In intestinal organoids, Wnt3-transfer involves direct contact between Paneth cells and stem cells. Plasma membrane localization requires surface expression of Frizzled receptors, which in turn is regulated by the transmembrane E3 ligases Rnf43/Znrf3 and their antagonists Lgr4-5/R-spondin. By manipulating Wnt3 secretion and by arresting stem-cell proliferation, we demonstrate that Wnt3 mainly travels away from its source in a cell-bound manner through cell division, and not through diffusion. We conclude that stem-cell membranes constitute a reservoir for Wnt proteins, while Frizzled receptor turnover and â€˜plasma membrane dilutionâ€™ through cell division shape the epithelial Wnt3 gradient.
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                    Figure 1: Endogenous Wnt3 protein is localized to basolateral plasma membranes in the intestinal crypt.[image: ]


Figure 2: Wnt3 transfer requires direct cell contact and has a limited range.[image: ]


Figure 3: Frizzled receptors act as membrane tether of Wnt3.[image: ]


Figure 4: Cell proliferation influences Wnt3 surface level and signal range.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Generation of an epitope-tagged Wnt3 mouse allele.
a, Reported three-dimensional protein structure of Xwnt8 (in turquoise) bound to Fzd8-CRD (in blue) (Protein Data Bank accession number 4F0A)19. Dotted line depicts the location of the amino (N) terminus, where the HA epitope tag was introduced. Note that the position of the tag does not interfere with receptor binding. The image was created with the jmol-viewer37. Glycosyl and palmitoyl groups are shown in green and yellow, respectively. b, Amino-acid alignment of the N-terminal region of Wnt3 and other Wnt-family members. Predicted signal peptides are indicated in red. The HA tag (YPYDVPDYASL) was inserted after position Q41 that is labelled in blue. The first residue of Xwnt8 that is resolved in the crystal structure in a (T32) is shaded in green. Small letters indicate non-conserved residues that could not be aligned by the software38. The degree of local similarity is marked by asterisks. A score of five asterisks represents maximal similarity, which is not reached using the default settings of the algorithm. c, HA-knock-in strategy: a targeting vector that comprised the normal exon 2, a Frt-site flanked Pgk-neomycin resistance-polyA cassette and an inverted HA-inserted exon 2 (placed in intron 1 of the gene) was used. LoxP and LoxM sides were introduced in a configuration that allowed excision of the wild-type exon 2 and inversion of the HA-tagged exon 2 by Cre-mediated recombination (orientation of LoxP and LoxM sites is indicated with arrowheads). Transgenic mice were crossed to Pgk-Cre mice for germline recombination of the allele. This was done because the non-recombined allele was apparently a null allele as no homozygous offspring could be obtained. We suspect that the antisense configuration of the HA-modified exon 2 could result in RNA duplex formation and masking of the regular splice acceptor site of exon 2. Consistently, we observed a shorter transcript lacking wild-type exon 2 from the non-recombined allele by RTâ€“PCR analysis. d, Southern blot analysis of ES cell clones to confirm correct targeting. Genomic BamHI digest was performed (see scheme in c).


Extended Data Figure 2 A permissive internal location for introduction of epitope tags in Wnt proteins.
a, Amino-acid sequences of tagged Wnt versions used in this study. Signal peptides are labelled in red. Protein alignment (Clustal Omega program, Uniprot); asterisk, colon and dot symbols indicate full conservation, and groups of strongly and weakly similar properties, respectively. b, Lentiviral rescue experiment in Wnt-dependent (Wnt3Î”/Î”) small intestinal organoids. Top: average organoid number (Â±s.d. in nâ€‰=â€‰3 independent wells) in the absence of exogenous Wnt-conditioned medium (Wnt-CM). Introduction of an internal HA- or Flag-tag does not interfere with rescue activity of Wnt3 lentivirus. Bottom: cell morphology after 5 days (passage 0) in the absence or presence of Wnt-CM. Scale bar, 50â€‰Î¼m. c, Introduction of an internal Flag-tag in mouse Wnt3a results in functional protein secretion in L-cells. Top: TOPFlash assay using conditioned media from control L-cells and stable lines expressing Wnt3a and Wnt3aâ€“Flag. Bottom: immunoblots of the conditioned media measured above using anti-Wnt3a and anti-Flag antibodies. Fully scanned western blots are shown.


Extended Data Figure 3 Wnt signalling status in Wnt3-HA knock-in crypts and organoids.
Quantitative RTâ€“PCR analysis of freshly isolated crypts (a) or established organoids (b, c) from the small intestine. a, b, Mean normalized expression levels in Wnt3HA/HA relative to Wnt3HA/+-samples (nâ€‰=â€‰6 mice, per genotype). c, Relative expression to Wnt3+/+ organoids (nâ€‰=â€‰4 independent wells). Error bars, s.d., no significant changes were found (Pâ€‰>â€‰0.05 as determined by Studentâ€™s t-test). Normal expression of stem-cell markers (Lgr5, Olfm4), Wnt pathway activity (Axin2) and Paneth cell markers (Lyz1, Defa6 and Wnt3) indicates that introduction of the HA-tag does not interfere with Wnt signalling.


Extended Data Figure 4 Immunodetection of endogenous Wnt3-HA protein expression.
Western blot analysis using cell lysates from wild-type controls or Wnt3HA/HA organoids after normal culture or directed differentiation to Paneth cell s (DAPT/CHIR-99021 treatment for 6 days (ref. 21)). a, In microscopic images, Paneth cell differentiation is evident by presence of a dark granular structure. b, Anti-HA western blot shows a specific signal corresponding to the Wnt3-HA protein (arrow; expected molecular mass of the mature protein chain is 39â€‰kDa). As positive control, lysates from HEK293T cells transfected with an expression plasmid encoding the Wnt3-HA cDNA were used. Full-scan western blot is shown. c, Wnt3-HA staining (green signal) on small intestinal cryosections of wild-type control and Wnt3HA/HA mice. Counterstaining of secretory granules (wheat germ agglutinin; WGA) and cell membranes (anti-Epcam). Data from Fig. 1e are shown in bright-field and single confocal channels (Ã—20 objective) with magnified crypt region (right). Note that the HA-signal in Paneth cells is mutually exclusive with WGA-positive apical granula. d, High-magnification confocal image of crypt (Ã—63 objective) merged with bright-field channel or nuclear staining (DAPI). Paneth cells were identified by their granular morphology (asterisks); arrows label crypt membranes adjacent to Paneth cells. Single confocal image is shown (for the entire z-stack see Supplementary Video 1). e, Whole-mount staining of wild-type control and Wnt3HA/HA small intestinal organoids. Confocal images or z-projections of co-stainings as in c (Ã—20 objective). f, High-magnification confocal image (Ã—63 objective) of a crypt region in Wnt3HA/HA organoid. Scale bars, 50â€‰Î¼m (a, c, e) and 10â€‰Î¼m (d, f).


Extended Data Figure 5 Diffusible Wnt activity in organoids is neither sufficient nor necessary to support growth.
a, Culture after co-embedding of dsRED-labelled wild-type organoids with GFP-labelled wild-type or Wnt3Î”/Î” organoids in Matrigel. Organoid fragments were seeded in a 1:1 ratio. Wnt3Î”/Î” cells cannot be propagated alone or in the presence of wild-type cells. Images after seeding (P0; day 3) and after passage 1 (P1; day 10). b, Co-culture at higher seeding density using dsRED-labelled wild-type organoids or in vitro differentiated Paneth cells21 with GFP-labelled Wnt3Î”/Î” organoids in a 3:1 ratio. Images of the same wells are shown at 1 and 5 days after seeding. c, d, Quantification of results shown in a and b. Mean relative number of organoids (Â±s.d.) from nâ€‰=â€‰3 independent experiments. e, Anti-HA immunodetection following co-culture of Wnt3HA/HA organoids or in vitro differentiated Paneth cells with dsRED-labelled wild-type recipient organoids (3:1 ratio). Inserts show growth in Matrigel. Confocal z-projected images are shown. Note that dsRED-positive cells remain negative for Wnt3-HA. f, Bead depletion experiment. Wild-type, Wnt3HA/HA or Wnt3Î”/Î” organoids were either embedded Matrigel alone or together with anti-HA affinity beads (blue asterisks) to sequester diffusible HA-tagged Wnt. Bright-field images after 6 days of culture; note that Wnt3HA/HA organoids display unaffected morphology in the presence of beads. Wnt3Î”/Î” organoids do not grow in the presence of beads and L-cell derived Wnt3a-HA CM (black arrows) demonstrating efficient depletion. Scale bars, 500â€‰Î¼m (a, b) and 100â€‰Î¼m (e, f).


Extended Data Figure 6 Wnt3 protein localization and messenger RNA expression depend on the R-spondin (Rspo) concentration.
a, Wnt3-HA immunostaining (Wnt3HA/HA organoids) after culture for 6 days in 1%, 5% or 25% Rspo-conditioned medium. Counterstaining of plasma membranes (Epcam) and secretory granules (WGA). Scale bar, 25â€‰Î¼m. b, RTâ€“PCR analysis of stem-cell and differentiation markers in small intestinal organoids following 6 days of culture in variable concentrations of Rspo. Shown are mean normalized expression levels (Â±s.d.) in nâ€‰=â€‰3 independent wells relative to organoids cultured in the normal concentration of 5% Rspo. Markers of stem cells (Lgr5, Olfm4), Wnt activity (Axin2), Paneth cells (Lyz1, Defa6, Wnt3), enterocytes (Alpi), endocrine cells (Chga) and goblet cells (Muc2). Note that the messenger RNA expression of Wnt3 is sensitive to reduced Rspo concentration.


Extended Data Figure 7 CRISPR/Cas9 induced mutations in organoids.
Sequence analysis of indel mutations in targeted regions of mouse APC (a), Rnf43 (b) and Znrf3 (c) genomic loci. Two independent clonal organoid lines were analysed for each genotype. Genomic loci were PCR amplified, fragments were subcloned in E. coli and five or six colonies were sequenced per clonal line. For APC (clone#1 and #2) and Znrf3 (clone#1) mutant lines, hemizygosity was found, suggesting a larger genomic deletion on the other chromosome. sgRNA target sequences are shown in blue with the PAM sequence marked in bold. Arrows, Cas9 cleavage sites. Inserted nucleotides are shown in red.


Extended Data Figure 8 Differential efficiency of Wnt3 transfer to APC- and Rnf43/Znrf3-deficient cells.
a, Re-associated epithelia to test Wnt3 decoration on receiving cells (dsRED positive). The z-projected confocal images show depleted HA-signal on APC mutant cells (arrowheads) and enriched staining on Rnf43/Znrf3 mutant cells (asterisks). Wnt3 range: receiving cells were colour-coded depending on the success of transfer and the distance to the closest Wnt3-HA neighbour. b, Average percentages of each distance fraction in nâ€‰=â€‰10 re-associated organoids (Â±s.d.). Data were compared by t-test to re-association experiment using wild-type receiving cells (shown in Fig. 2f). ***Pâ€‰<â€‰10âˆ’3; **Pâ€‰<â€‰10âˆ’2; NS, non-significant. Scale bars, 10â€‰Î¼m.


Extended Data Figure 9 Pharmacological inhibition of proliferation in organoids.
Cell cycle status of wild-type mouse small intestinal organoids was determined by flow cytometry. EDU incorporation assay in controls and 24â€‰h after administration of EGFR-inhibitor (Gefinitib), MEK-inhibitor (PD-0325901) or CDK4/6-inhibitor (Palbociclib) to the regular culture medium. EDU was added 1â€‰h before collection and dissociation of cells for FACS analysis. a, Original FACS data. Single cells were gated using FSC/SSC characteristics. EDU signals were plotted against 7-AAD signals (DNA content). b, Inhibitor titration. Relative percentage of EDU-positive cells is shown for two independent experiments (grey line shows average). Experiments in Fig. 4 were performed at concentrations indicated by arrows. Note that Lgr5+ intestinal stem cells double every 19â€“20â€‰h in vitro21, comparable to the cell cycle length in vivo39 (21.5â€‰h).





Supplementary information
Wnt3-HA localization in small intestinal crypt of Wnt3HA/HAi mice. z-stack of confocal images (63Ã— objective)
HA signal alone (left) and merged images with nuclear staining (DAPI, middle) and bright field channel (right) are shown. Paneth cells can be identified by their granular morphology. Note the prominent perinuclear signal in Paneth cells, but a lack of overlap with secretory granules in these cells. Plasma membranes of the stem cells, which are adjacent to Paneth cells are positive for Wnt3-HA. Images are 30 Î¼m in width. (MOV 1243 kb)


Wnt3-HA localizes to plasma membranes of the stem cell compartment in organoids. 
3-D projections of confocal image stacks of single 'crypts' of Wnt3HA/HA organoid after of HA staining with (left) or without (right) permeabilization step. Below light microscopic images are shown. Image width is 82 Î¼m. (MOV 1974 kb)


Wnt3-HA remains highly restricted to plasma membranes close to producing cells. 
Confocal 3-D projection of a re-associated organoid. Single bud is shown with HA-producing Paneth cells (Wnt3HA/HA, labeled by dsRED expression) and non-labeled Wnt3HA/HA cells cultured in normal growth medium. HA staining (green signal) shows local transfer of Wnt3-HA protein to adjacent cells. Image width is 100 Î¼m. (MOV 887 kb)


Crypt budding after IWP-2 washout. 
Time-lapse videos during 36 hours of culture, bright field images are shown. Left panel shows growth in continued presence of IWP-2/Wnt-CM. Organoids remain spherical and non-polarized. Middle panel: Following washout of IWP-2/Wnt-CM and change to normal culture medium (ENR) formation of crypt protrusions is observed. Right panel: Addition of EGFRi (right) to normal culture medium after IWP-2/Wnt-CM washout blocks crypt formation. Only rudimentary protrusions are formed, demonstrating that EGFR signaling (and cell proliferation) is crucial for this morphogenetic program. (MOV 3441 kb)
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