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            Abstract
Somatic mutations in p53, which inactivate the tumour-suppressor function of p53 and often confer oncogenic gain-of-function properties, are very common in cancer1,2. Here we studied the effects of hotspot gain-of-function mutations in Trp53 (the gene that encodes p53 in mice) in mouse models of WNT-driven intestinal cancer caused by Csnk1a1 deletion3,4 or ApcMin mutation5. Cancer in these models is known to be facilitated by loss of p533,6. We found that mutant versions of p53 had contrasting effects in different segments of the gut: in the distal gut, mutant p53 had the expected oncogenic effect; however, in the proximal gut and in tumour organoids it had a pronounced tumour-suppressive effect. In the tumour-suppressive mode, mutant p53 eliminated dysplasia and tumorigenesis in Csnk1a1-deficient and ApcMin/+ mice, and promoted normal growth and differentiation of tumour organoids derived from these mice. In these settings, mutant p53 was more effective than wild-type p53 at inhibiting tumour formation. Mechanistically, the tumour-suppressive effects of mutant p53 were driven by disruption of the WNT pathway, through preventing the binding of TCF4 to chromatin. Notably, this tumour-suppressive effect was completely abolished by the gut microbiome. Moreover, a single metabolite derived from the gut microbiotaâ€”gallic acidâ€”could reproduce the entire effect of the microbiome. Supplementing gut-sterilized p53-mutant mice and p53-mutant organoids with gallic acid reinstated the TCF4â€“chromatin interaction and the hyperactivation of WNT, thus conferring a malignant phenotype to the organoids and throughout the gut. Our study demonstrates the substantial plasticity of a cancer mutation and highlights the role of the microenvironment in determining its functional outcome.
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                    Fig. 1: Mutant p53 counteracts dysplasia and tumorigenesis in the proximal gut without regaining wild-type transcriptional activity.[image: ]


Fig. 2: Mutant p53 suppresses the expression of WNT targets in the proximal gut.[image: ]


Fig. 3: Mutant p53 promotes normally balanced growth and differentiation of intestinal tumour organoids.[image: ]


Fig. 4: Treatment with antibiotics unleashesÂ tumour-suppressive effects of mutant p53 in the distal gut.[image: ]


Fig. 5: Gallic acid induces WNT-driven dysplasia and tumorigenesis when p53 is mutated.[image: ]
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                Data availability


The source gels for immunoblots are provided in Supplementary Fig. 1. All sequencing data of the study are available at Array Express: the ChIPâ€“seq results and enrichment data are available with accession code E-MTAB-7858 and the RNA-seq results and gene expression data are available with accession code E-MTAB-7859.Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Mutant p53 counteracts dysplasia and proliferation in the proximal mouse gut.
a, IHC of p53 in the jejunum, ileum and colon of p53WT and p53R172H mice before and after CKIa deletion, and in CKIaÎ”gutp53Î”gut mice. Scale bars, 100 Î¼m. b, H&E-stained sections of different mouse gut segments. Inserts show high-magnification images of duodenal and jejunal villi, demonstrating the grade of dysplasia. Scale bars, 100 Î¼m. c, IHC of PROX1 and Ki67 in mouse colon. Scale bars, 100 Î¼m. d, Jejunal crypt length. Overall average of the mean values for each mouseÂ Â±Â s.e.m (n, number of crypts pooled from three mice), one-way ANOVA with Tukeyâ€™s test. Representative data from six independent experiments (aâ€“c).
Source data


Extended Data Fig. 2 Mutant p53 exerts oncogenic GOF at the distal gut and tumour-suppressive effects at the proximal gut.
a, H&E-stained sections and IHC of CKIÎ± and p53 in mouse ileum and colon, three days after knockout induction. Inserts (H&E) show high-magnification images of colon and ileum, demonstrating the grade of dysplasia. Scale bars, 100 Î¼m. b, Colon thicknessÂ of mice described in (a). Overall average of the mean values for each mouseÂ Â±Â s.e.m (n, number of colon thickness measurements), one-sided Studentâ€™s t-test. c, H&E-stained sections and IHC of p53, PROX1 and Ki67 in indicated mouse gut segments. Inserts (H&E) show high-magnification images of jejunal villi, demonstrating the grade of dysplasia. Scale bars, 100 Î¼m. d, RTâ€“qPCR of p53 targets in mouse jejunal enterocytesÂ indicating that mutant p53 has not regained wild-type transcriptional activity. MeanÂ Â±Â s.e.m. (n, number of mice) relative to CKIafl/fl (normalized to 1), one-way ANOVA with Tukeyâ€™s test. e, IHC of p21 in indicated mouse gut segments. Scale bars, 100 Î¼m. Representative data from two (a) or six (c, e) independent experiments.
Source data


Extended Data Fig. 3 Mutant p53 counteracts tumorigenesis in the proximal mouse gut.
a, Representative images of different mouse bowel segments. Arrowheads indicate visible tumours. b, Tumour size (each mouse is colour-coded). Overall average of the mean values for each mouseÂ Â±Â s.e.m (n, number of mice), one-sided Studentâ€™s t-test. c, Quantification of visible tumours per mouse. MeanÂ Â±Â s.e.m. (n, number of mice), one-sided Studentâ€™s t-test. Representative data from three independent experiments (a).
Source data


Extended Data Fig. 4 Mutant p53 suppresses the expression of WNT targets exclusively in the proximal gut.
a, IHC of WNT targets in mouse jejunum. Scale bars, 100 Î¼m. b, c, RTâ€“qPCR of WNT targets in mouse jejunal (b) and ileal (c) enterocytes. MeanÂ Â±Â s.e.m. (n, number of mice) relative to CKIafl/fl (normalized to 1), one-way ANOVA with Tukeyâ€™s test. d, e, IHC of WNT targets in mouse ileum (d) and colon (e). Scale bars, 100 Î¼m. f, g, Over-representation analysis of enriched gene sets differentially expressed in jejunum (f) and ileum (g) of CKIaÎ”gutp53R172H versus CKIaÎ”gutp53Î”gut mice; negative logarithm of Benjaminiâ€“Hochberg-corrected PÂ values (data derived from three mice of each group). Red lines indicate the significance threshold for Î±Â =Â 0.05. Representative data from four independent experiments (a, d, e).
Source data


Extended Data Fig. 5 Suppression of WNT target gene expression by mutant p53 is mediated by preventing the association of TCF4 with WNT promoters.
a, Immunoblot of mouse jejunal enterocytes. PP2Ac, loading control. For gel source data, see Supplementary Fig. 1. b, Immunoblot of cytoplasmic and nuclear extracts from mouse jejunal enterocytes. GAPDH and fibrillarin, cytoplasmic and nuclear markers, respectively. For gel source data, see Supplementary Fig. 1. c, d, TCF4 (c) and H3K4me3 (d) ChIP of WNT target promoters in mouse jejunal enterocytes. Mean enrichmentÂ Â±Â s.e.m. (n, number of mice), one-way ANOVA with Tukeyâ€™s test. e, f, TCF4 (e) and H3K4me3 (f) ChIP of WNT target promoters in mouse ileal enterocytes. Mean enrichmentÂ Â±Â s.e.m. (n, number of mice), one-sided Studentâ€™s t-test. g, H3K4me3 ChIP of WNT target promoters in crypt and villus fractions of mouse jejunum. Mean enrichmentÂ Â±Â s.e.m. (n, number of mice), one-sided Studentâ€™s t-test. Representative data from three independent experiments (a, b).
Source data


Extended Data Fig. 6 Mutant p53 promotes balanced growth and differentiation of intestinal organoids.
a, RTâ€“qPCR of Csnk1a1 and Trp53 in jejunal organoids. MeanÂ Â±Â s.e.m. (n, number of mice that were used as a source for organoid cultures) relative to CKIafl/fl (normalized to 1), one-way ANOVA with Tukeyâ€™s test. b, e, Immunofluorescent staining of p53 (b) and H&E (e) of jejunal organoids; different levels of dysplasia are evident in e. Nuclear counterstain (immunofluorescence), Hoechst (blue). Scale bars, 100Â Î¼m (b)Â and 50Â Î¼m (e). c, d, Bright-field imaging of jejunal (c) and ileal (d) organoids that express p53WT or p53R172H, with or without CKIa knockout induction, and of CKIa/p53 DKO organoids. Inserts show a high-magnification image of a representative organoid. Scale bars, 500 Î¼m. f, RTâ€“qPCR of p53 targets in jejunal organoids. MeanÂ Â±Â s.e.m. (n, number of independent experiments performed with organoid cultures of two different mice), relative to CKIafl/fl (normalized to 1), one-way ANOVA with Tukeyâ€™s test. g, Immunofluorescent staining of Ki67 and WNT targets in jejunal organoids. Nuclear counterstain, Hoechst (blue). Scale bars, 100 Î¼m. h, Bright-field imaging and merged immunofluorescence of GFP with p53 or Ki67 in jejunal CKIa/p53 DKO organoids transduced with the indicated lentiviruses. Inserts (bright-field) show a GFP and bright-field merged image of a representative organoid. Nuclear counterstain (immunofluorescence), Hoechst (blue).Â Scale bars, 500 Î¼mÂ (top); 100 Î¼m (bottom). i, Immunoblot of wild-type and ApcMin/Min organoids. Tubulin, loading control. For gel source data, see Supplementary Fig. 1. Representative data from two or three (b, gâ€“i) or five (câ€“e) independent experiments.
Source data


Extended Data Fig. 7 Treatment with antibiotics unleashes tumour-suppressive effects of mutant p53Â in the distal gut.
a, RTâ€“qPCR of the 16S subunit of microbial rRNA in the ileum of vehicle- or antibiotic-treated mice. MeanÂ Â±Â s.e.m. (n, number of mice) relative to vehicle-treated CKIafl/fl (normalized to 1), one-sided Studentâ€™s t-test. The yÂ axis is represented as log10-transformed expression. b, Length of crypts in mouse ileum. Overall average of the mean values for eachÂ mouseÂ Â±Â s.e.m (n, number of crypts), one-sided Studentâ€™s t-test. c, d, g, H&E-stained sections (c) and IHC of Ki67 (d) and WNT targets (g) in mouse colon. Scale bars, 100 Î¼m.Â e, IHC of WNT targets in mouse ileum. Scale bars, 100 Î¼m. f, RTâ€“qPCR of WNT targets in ileal enterocytes from vehicle- or antibiotic-treated mice. MeanÂ Â±Â s.e.m. (n, number of mice) relative to vehicle-treated CKIafl/fl mice (normalized to 1), one-sided Studentâ€™s t-test. Representative data from four independent experiments (c, d, e, g).
Source data


Extended Data Fig. 8 Mutant p53 induces WNT suppression and differentiation of intestinal tumour organoids, an effect which is reversibly blocked by gallic acid treatment.
a, Bright-field and immunofluorescent imaging of WNT targets and Ki67 in CKIaKOp53R172H jejunal organoids treated with different bacterial metabolites. Nuclear counterstain (immunofluorescence), Hoechst (blue). Inserts (bright-field) show a high-magnification image of a representative organoid. Scale bars, 500 Î¼m (bright-field); 100 Î¼m (immunofluorescence).Â b, RTâ€“qPCR of WNT targets in jejunal organoids. MeanÂ Â±Â s.e.m. (n, number of independent experiments performed with organoid cultures from two different mice) relative to CKIafl/fl (normalized to 1), one-way ANOVA with Tukeyâ€™s test. c, Bright-field imaging of non-treated and gallic-acid-treated jejunal organoids. Inserts show a high-magnification image of a representative organoid. Scale bar, 500 Î¼m.Â d, Merged immunofluorescence of GFP and Ki67 in non-treated and gallic-acid-treated jejunal CKIa/p53 DKO and ApcMin/Min organoids transduced with the indicated lentiviruses; three representative organoid fields. Expression of p53R175H-GFP in CKIa/p53 DKO organoids and p53R273H-GFP in ApcMin/Min organoids produced a similar effect. Nuclear counterstain, Hoechst (blue). Scale bars, 100 Î¼m. e, Bright-field and immunofluorescent imaging of WNT targets and Ki67 in CKIaKOp53R172H jejunal organoids grown with gallic acid for 9 days continuously, or 5 days with and then 4 days without gallic acid. Nuclear counterstain (immunofluorescence), Hoechst (blue). Inserts (bright-field) show a high-magnification image of a representative organoid. Scale bars, 500 Î¼mÂ (top); 100 Î¼m (bottom).Â Representative data: a, c-e from two to three independent experiments.
Source data


Extended Data Fig. 9 Gallic acid reverses mutant-p53-induced WNT suppression and promotes dysplasia and tumorigenesis across the entire gut.
a, Levels of gallic acid in the jejunum and ileum of gallic-acid-treated and non-treated CKIaÎ”gutp53R172H mice. MeanÂ Â±Â s.e.m. (n, number of samples, each pooled from two mice), one-way ANOVA with Tukeyâ€™s test. b, qPCR of SDH-coding genes and 16S rRNA genes from mouse stool. MeanÂ Â±Â s.e.m. (n, number of mice from which stool was collected), relative to CKIafl/fl (normalized to 1), one-way ANOVA with Tukeyâ€™s test. c, qPCR of SDH-coding genes from the mucosa of different segments of the mouse gut. MeanÂ Â±Â s.e.m. (n, number of mice) relative to CKIafl/fl jejunum (normalized to 1), Kruskalâ€“Wallis with Conoverâ€™s test. The yÂ axis is represented as a power of 10. d, H&E-stained sections of mouse jejunum. Inserts show high-magnification images of jejunal villi, demonstrating the grade of dysplasia. Scale bar, 100 Î¼m.Â e, Average nuclear size in mouse jejunal villi. Overall average of the mean values for each mouseÂ Â±Â s.e.m (n, number of microscope fields), one-sided Studentâ€™s t-test. f, Dysplasia score (seeÂ Methods) of mouse jejunal villi. Overall average of the mean values for each mouseÂ Â±Â s.e.m (n, number of villi), one-sided Studentâ€™s t-test. g, h, Representative images of different segments of the mouse bowel. Arrowheads indicate visible tumours. i, Quantification of visible tumours per mouse. MeanÂ Â±Â s.e.m. (n, number of mice), one-sided Studentâ€™s t-test. j, Tumour size (each mouse is colour-coded). Overall average of the mean values for each mouseÂ Â±Â s.e.m (n, number of mice), one-way ANOVA with Tukeyâ€™s test. k, H3K4me3 ChIP of WNT target promoters in mouse jejunal enterocytes. Mean enrichmentÂ Â±Â s.e.m. (n, number of mice), one-sided Studentâ€™s t-test. l, RTâ€“qPCR of WNT targets in mouse jejunal enterocytes. MeanÂ Â±Â s.e.m. (n, number of mice) relative to non-treated CKIafl/fl (normalized to 1), one-sided Studentâ€™s t-test. m, IHC of WNT targets in mouse jejunum. Scale bars, 100 Î¼m.Â n, o, Immunoblot of mouse jejunal enterocytes. PP2Ac, loading control. For gel source data, see Supplementary Fig. 1. Representative data from two or three independent experiments (d, g, h, mâ€“o).
Source data


Extended Data Fig. 10 Gallic acid reverses the effect of antibiotic treatment in the distal gut of CKIaÎ”gutp53R172H mice.
a, b, H&E-stained sections of mouse ileum (a) and colon (b). Scale bars, 100 Î¼m.Â c, IHC of Ki67 in mouse ileum and colon. Scale bars, 100 Î¼m.Â d, RTâ€“qPCR of WNT targets in mouse ileal enterocytes. MeanÂ Â±Â s.e.m. (n, number of mice) relative to antibiotic-treated CKIafl/fl (normalized to 1), one-sided Studentâ€™s t-test. e, f, IHC of WNT targets in mouse ileum (e) and colon (f). Scale bars, 100 Î¼m.Â Representative data from two or three independent experiments (aâ€“c, e, f).
Source data





Supplementary information
Supplementary Figure
Supplementary Figure 1. Source Data of Immunoblots. The full scanned images show the uncropped version with molecular weight markers, loading controls and the order of rehybridization. Blots are labeled according to the corresponding Figure panel within the main or Extended Data Figures.


Reporting Summary

Supplementary Table
Supplementary Table 1. Mutual exclusivity analysis of TP53 and WNT activating genes in hepatocellular carcinoma. cBioPortal mutual exclusivity analysis of TP53 (n = 308) and WNT activating genes (CTNNB1: n = 305; APC: n = 33; AXIN1: n = 74; AXIN2: n = 10) in 1089Â hepatocellular carcinoma samples from 1085Â patients, Fisherâ€™s exact test. P-value for each comparison is specified in the table above.
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