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The gut microbiome switches mutant p53 
from tumour-suppressive to oncogenic

Eliran Kadosh1, Irit Snir-Alkalay1,6, Avanthika Venkatachalam1,6, Shahaf May1, Audrey Lasry1,4, 
Ela Elyada1,5, Adar Zinger1, Maya Shaham1, Gitit Vaalani1, Marco Mernberger2,  
Thorsten Stiewe2, Eli Pikarsky1, Moshe Oren3 & Yinon Ben-Neriah1 ✉

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 microbiota—gallic acid—could reproduce the entire effect of the 
microbiome. Supplementing gut-sterilized p53-mutant mice and p53-mutant 
organoids with gallic acid reinstated the TCF4–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.

TP53, the gene that encodes p53, is the most commonly mutated 
gene in human cancer7. Mutations in p53—including the six most fre-
quently mutated residues, which are known as ‘hotspots’1—are mostly 
loss-of-function mutations in which the mutant p53 protein fails to 
activate the target genes of wild-type p53 that are critical for the control 
of homeostasis8. Mutant versions of p53 can have a dominant-negative 
effect over wild-type p53 and, in common with the protein products of 
typical dominant oncogenes, are often endowed with gain-of-function 
properties, thereby enhancing tumorigenesis beyond loss-of-function9. 
Here we tested the effects of mouse homologues of the hotspot muta-
tions in p53 that occur most frequently in humans—R172H and R270H 
(R175H and R273H in humans, respectively)1. The mutations were gen-
erated by knock-in10,11, and mice were bred to homozygosity with two 
mouse models of WNT-driven intestinal cancer: ApcMin/+ mice (which 
are heterozygous for the gene encoding adenomatous polyposis coli 
(Apc) and develop multiple intestinal neoplasias); and mice with a 
gut-inducible deletion of Csnk1a1 (also known as CKIa, which encodes 

casein kinase 1α (CKIα))3. Whereas—as predicted—expression of mutant 
p53 conferred oncogenic gain-of-function properties in the distal part 
of the gut, notably, it exerted profound tumour-suppressive activity 
in the proximal part of the gut. Our findings challenge commonly held 
views of the effects of cancer mutations, and underscore the critical 
dependence of these mutant effects on the gut microbiome.

Paradoxical role of mutant p53 in the gut
To investigate the role of mutant p53 in gut tumorigenesis we first 
used the Csnk1a1floxed/Vil1-Cre-ERT2 mouse model, in which Cskn1a1 
(CKIa) is conditionally deleted in the gut epithelium3, and compared 
CKIa-deleted mice that have the conformational R172H hotspot muta-
tion in Trp53 (for simplicity this gene is hereafter referred to as p53, and 
the mutation as p53R172H) to CKIa-deleted mice that express wild-type p53 
or in which p53 is ablated in the gut (hereafter CKIaΔgutp53R172H, CKIaΔgut 
or CKIaΔgutp53Δgut, respectively). Protein stabilization is a prerequisite 
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for efficient gain-of-function action2,8. In normal mouse gut epithelium, 
expression of p53 is low and restricted to the intestinal crypts. After 
deletion of CKIa, wild-type and mutant p53 proteins are greatly stabi-
lized, specifically in the gut epithelium (Fig. 1a, Extended Data Fig. 1a), 
and show levels of expression similar to those that characterize tumours 
in which p53 is mutated10,11. Deleting CKIa therefore provides a means 
by which the effects of mutant p53 in gut carcinogenesis can be investi-
gated. Cancer phenotype was evaluated by histological analysis of the 
proximal (duodenum and jejunum) and the distal (ileum and colon) 
gastrointestinal tract of the different mouse genotypes in compari-
son to CKIafl/fl (virtually wild-type) mice. As we previously showed, gut 
homeostasis was maintained in CKIaΔgut mice, with moderate epithelial 
dysplasia, whereas CKIaΔgutp53Δgut mice exhibited high-grade dyspla-
sia (marked by PROX1 expression) in the entire bowel, together with 
enhanced proliferation12 (Fig. 1a–c, Extended Data Fig. 1b, c). However, 
CKIaΔgutp53R172H mice showed an opposing phenotype at different gut 
segments: whereas the colonic and ileal epithelia were highly dysplastic 
and proliferative, the duodenum and jejunum showed normal levels 
of proliferation, with minimal dysplasia in the villi and significantly 
shorter jejunal crypts compared to CKIaΔgut and CKIaΔgutp53Δgut mice 
(Fig. 1a–c, Extended Data Fig. 1b–d).

The loss of CKIα when combined with the expression of mutant 
p53 is lethal within 10 days, and therefore does not allow the devel-
opment of discrete tumours (polyps or carcinomas)13. To assess the 
gain-of-function properties of mutant p53, we compared the gut phe-
notype of CKIaΔgutp53R172H mice to that of CKIaΔgutp53Δgut mice three days 
after CKIa deletion. At this time point, CKIaΔgutp53R172H mice already 
showed high-grade dysplasia in the distal gut, whereas CKIaΔgutp53Δgut 
mice had minimal gut pathology (Extended Data Fig. 2a, b). Notably, 
the gut phenotype of CKIaΔgut mice with the p53R270H contact mutation 
(CKIaΔgutp53R270H) was similar to that of mice with the p53R172H structural 
mutation; CKIaΔgutp53R270H mice showed no evidence of invasion or 
hyperproliferation in the proximal gut, but the distal gastrointestinal 
tract was highly dysplastic and proliferative (Extended Data Figs. 1d, 
2c). These data indicate that in the proximal gut, mutant p53 overturns 
the pro-carcinogenic effects of p53 loss, and attenuates the mild pro-
liferative and dysplastic phenotype of CKIaΔgut mice.

Wild-type p53 has a major anti-carcinogenic effect partly through the 
transcriptional activation of anti-proliferative and pro-apoptotic genes 
such as p21 (also known as Cdkn1a) and Bax14. Therefore, one possibility 
to explain the tumour-suppressive effect of mutant p53 in the jejunum 
would be the regaining of this transcriptional activation15. However, 

although mutant p53 was markedly stabilized after loss of CKIα (Fig. 1a, 
Extended Data Fig. 1a), it was transcriptionally inactive with respect 
to canonical p53 target genes in the gut epithelium; we observed the 
robust expression of pro-apoptotic and cell-cycle-inhibitory target 
genes of p53 in CKIaΔgut mice, but not in CKIaΔgutp53R172H mice, which—
similarly to CKIaΔgutp53Δgut mice—barely expressed p53 target genes 
(Extended Data Fig. 2d, e). Moreover, chromatin immunoprecipita-
tion followed by sequencing (ChIP–seq) analysis revealed that the 
interaction of p53(R172H) with chromatin was almost completely 
abrogated compared to wild-type p53 (Fig. 1d), confirming that the 
tumour-suppressive effect of mutant p53 in the jejunum was independ-
ent of canonical p53 transcription.

To test the effects of mutant p53 in a mouse model with discrete 
intestinal tumours, we bred p53R172H mutant mice with the ApcMin/+ mouse 
model. In this commonly used mouse model, typical adenoma tumours 
are produced after Apc loss-of-heterozygosity and WNT hyperactiva-
tion, and the tumours occur mostly in the proximal gut, with few or 
no colonic tumours5. As in CKIaΔgutp53R172H mice, introduction of the 
p53R172H mutation to ApcMin/+ mice resulted in enhanced tumorigenesis 
in the colon, but attenuated the tumour burden in the proximal gastro-
intestinal tract (Fig. 1e, f, Extended Data Fig. 3). Together, our results 
show that mutant p53 has a dichotomous effect in two mouse models 
of WNT-driven cancer: counteracting tumorigenesis in the proximal 
gut, but enhancing tumorigenesis in the distal gut.

Mutant p53 blocks the TCF–WNT pathway
Wild-type p53 suppresses the expression of a set of genes known as the 
‘p53-suppressed invasiveness signature’ (PSIS). PSIS genes are associ-
ated with a variety of invasiveness functions, and many of these genes 
are targets of WNT signalling3,4. To examine whether WNT signalling is 
also suppressed by mutant p53, we examined the expression levels of 
several WNT target genes in the jejunum and ileum of CKIaΔgutp53R172H 
mice. As expected, a moderate activation of WNT target genes was 
evident in the jejunum of CKIaΔgut mice, and a far more robust activation 
was observed in that of CKIaΔgutp53Δgut mice. By contrast, CKIaΔgutp53R172H 
mice showed lower expression levels of all tested WNT target genes in 
the jejunum, in line with the tumour-suppressive activity of mutant p53 
(Fig. 2a, b, Extended Data Fig. 4a, b). Notably, the expression levels of 
cyclin D1 and Myc—prominent WNT-driven proto-oncogenes that are 
critical for gut tumorigenesis16—were reduced to CKIafl/fl levels in the 
jejunal enterocytes of CKIaΔgutp53R172H mice (Fig. 2a, b, Extended Data 
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Fig. 1 | Mutant p53 counteracts dysplasia and tumorigenesis in the 
proximal gut without regaining wild-type transcriptional activity.  
a, Immunoblot of mouse jejunal enterocytes. PP2Ac, loading control. For gel 
source data, see Supplementary Fig. 1. b, c, IHC of the invasion and dysplasia 
marker PROX1 (b) and the proliferation marker Ki67 (c) in mouse jejunum and 
ileum. Scale bars, 100 μm. d, p53 ChIP–seq-derived heat maps from mouse 

jejunal enterocytes. e, Representative images of different segments of the 
mouse bowel. Arrowheads indicate visible tumours. f, Tumour size (each 
mouse is colour-coded). Overall average of the mean values for each 
mouse ± s.e.m (n, number of mice), one-sided Student’s t-test. Representative 
data from six (a–c) or three (e) independent experiments.
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Fig. 4b). By contrast, the expression of WNT target genes was high in 
the ileum and colon of CKIaΔgutp53R172H mice, with levels of expression 
similar to those observed in CKIaΔgut and CKIaΔgutp53Δgut mice (Fig. 2c, 
Extended Data Fig. 4c–e). To confirm the preferential influence of 
mutant p53 on WNT-controlled gene expression, we compared the 
transcriptomes of jejunal and ileal enterocytes of CKIaΔgutp53R172H mice 
to those of CKIaΔgutp53Δgut mice; this analysis showed that the effect of 
mutant p53 was mostly evident in WNT-dominating gene sets, and only 
in jejunal enterocytes (Extended Data Fig. 4f, g). No other pathway 
showed a similar degree of variation between the two mouse genotypes, 
in either the proximal or the distal gastrointestinal tract, indicating 
that the suppression of WNT by mutant p53 is a specific rather than a 
global genomic phenomenon.

To better understand the mechanism by which mutant p53 impedes 
WNT activation, we analysed the major steps that lead to the transcrip-
tional activation of WNT target genes. Activation of the WNT pathway 
requires the accumulation of β-catenin and its nuclear translocation16. 
We found that both non-phosphorylated (active) and total nuclear lev-
els of β-catenin were increased in mouse jejuna that lack CKIa, with no 
significant differences among the different CKIa-deficient genotypes 
(Extended Data Fig. 5a, b). β-catenin is a transcriptional coactivator 
that relies on T cell factor (TCF) and lymphoid enhancer factor (LEF) 
transcription factors16. TCF4—the main TCF in the gut epithelium—is 
constitutively bound to the chromatin, and requires association with 
β-catenin to promote WNT transcription16. Notably, ChIP analyses of 
jejunal enterocytes from the different mouse genotypes demonstrated 
the selective disengagement of TCF4 and reduced levels of the histone 
modification H3K4me3 at WNT-responsive elements in CKIaΔgutp53R172H 
mice, although the total levels of TCF4 were comparable between 
genotypes (Extended Data Fig. 5a–d). Conversely, and in line with the 
observed phenotype, ChIP assays from ileal enterocytes showed no 
alteration in either TCF4 occupancy or H3K4me3 modification at WNT 
promoters in CKIaΔgutp53R172H mice compared to CKIaΔgutp53Δgut mice 
(Extended Data Fig. 5e, f). Despite the near-complete disengagement of 
TCF4, the mRNA expression of many WNT target genes was preserved 
at near-CKIafl/fl levels (Extended Data Fig. 4b). Immunohistochemistry 
(IHC) analysis revealed that this occurred mostly in intestinal crypts 
(Fig. 2a, Extended Data Fig. 4a), which comprise roughly 10% of the jeju-
nal gut epithelium. ChIP analyses of jejunal villus and crypt epithelial 

cells showed that in CKIaΔgutp53R172H—but not CKIaΔgutp53Δgut—mice, the 
association of TCF4 with chromatin was limited to the crypt compart-
ment (Fig. 2d). H3K4me3 ChIP confirmed that WNT activity was present 
specifically in the crypts of CKIaΔgutp53R172H mice (Extended Data Fig. 5g). 
This crypt-spared effect of mutant p53 may explain the maintenance 
of homeostasis in the proximal CKIaΔgutp53R172H gut.

Cell-autonomous WNT suppression of mutant p53
Although mutant p53 is stabilized similarly in the jejunum and the 
ileum, it only suppresses WNT activity in the jejunum. To ascertain the 
source of this discrepancy, we prepared and tested CKIa-deleted jejunal 
and ileal organoids that express the wild-type p53 gene, p53R172H or no 
p53. Stem-cell-derived intestinal organoids are composed of a round 
core of differentiated cells and proliferating outpockets that surround 
the core; these resemble the villus and crypt compartments, respec-
tively16. As previously reported, organoids with knockout of CKIa died 
shortly after the induction of the knockout, owing to the expression 
of p53 target genes. By contrast, organoids with double knockout of 
CKIa and p53 (CKIa/p53 DKO) were highly proliferative; these organoids 
exhibited WNT hyperactivation, failed to differentiate and resembled 
highly dysplastic spheroids with no outpockets4 (Fig. 3a, Extended Data 
Fig. 6a–e). Expression of mutant p53 rescued both jejunal and ileal 
CKIa-deleted organoids, probably owing to the loss of canonical p53 
target genes that induce organoid apoptosis4 (Extended Data Fig. 6a–f). 
However, unlike CKIa/p53 DKO organoids, CKIa-knockout organoids 
that express p53R172H (CKIaKOp53R172H) exhibited normal organoid dif-
ferentiation, moderate WNT activity and proliferation and reduced 
dysplasia irrespective of the gut origin of the organoid, highlighting 
the cell-autonomous anti-proliferative and differentiation-promoting 
effect of mutant p53 (Fig. 3a, Extended Data Fig. 6b–e, g). It therefore 
appears that mutant p53 also has the potential to exert anti-tumorigenic 
effects in the ileum, but this is switched into a pro-tumorigenic activity 
in the in vivo setting.

To test whether human mutant p53 has a similar tumour-suppressive 
capacity to that found in mice, we overexpressed the R175H and R273H 
human homologues of mutant p53 together with GFP in CKIa/p53 DKO 
organoids. Organoids expressing human mutant p53 tagged with GFP, 
or expressing only GFP, were identified by GFP imaging and underwent 
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phenotypic assessment and immunofluorescent staining for p53, GFP 
and Ki67. Consistent with the tumour-suppressive effect of the mouse 
homologues in organoids and in the proximal mouse gut, human 
mutant p53 abolished the transformed phenotype of CKIa/p53 DKO 
organoids; organoids expressing human mutant p53 continued grow-
ing, yet underwent differentiation with typical crypt outpockets and a 
CKIafl/fl-like redistribution of Ki67 (Fig. 3b, Extended Data Fig. 6h). Of 
note, given sufficient time, cancer cells might gradually rewire their 
signalling pathways to maximize the gain-of-function effects of their 
endogenous mutant p53, eventually becoming ‘addicted’ to it17. Hence, 
exogenous mutant p53 expression in freshly made p53-deficient orga-
noids might not necessarily phenocopy the endogenous mutant effect.

Similarly to CKIa/p53 DKO organoids, ApcMin/Min adenoma organoids 
are highly proliferative spheroids with robust Ki67 staining, and this is 
despite stabilization of wild-type p53 (Fig. 3c, Extended Data Fig. 6i). 
Upon overexpression of human mutant p53–GFP, 40–50% of the 
adenoma organoids underwent a phenotypic differentiation switch 
during their growth, whereas none of the adenoma organoids that 
expressed only GFP switched phenotypes (Fig. 3b, c). Together, these 
data show that the tumour-suppressive power of p53 mutants is well 
beyond that of wild-type p53 and is sufficient to revoke an established 
tumorigenic phenotype in organoids that are derived from different 
models of intestinal cancer.

The gut microbiome turns mutant p53 oncogenic
The gastrointestinal tract is a complex habitat that contains an abun-
dance of microorganisms, the number of which increases progres-
sively along the gastrointestinal tract: microorganisms are sparse in the 
proximal region and dense at the distal region of the gut18. A continuous 
crosstalk between the microbiome and the host cells, which is often car-
ried out by metabolites that are derived from the microbiota, is crucial 
to maintain tissue homeostasis19. Dysbiosis—a perturbation in either the 
load or the composition of microflora—is closely associated with vari-
ous illnesses; for example, obesity, inflammation and cancer18. Having 
shown that mutant p53 suppresses WNT and tumorigenesis only in the 
proximal gut and in sterile ileal organoids, we hypothesized that the gut 
microflora may hinder p53-mediated suppression of WNT in the distal 
intestine. To test this theory, we eliminated the gut microflora by treat-
ing the mice with a cocktail of antibiotics and confirmed the eradication 
of the gut bacteria by 16S ribosomal RNA (rRNA) analysis (Extended 
Data Fig. 7a). Notably, the antibiotics affected only CKIaΔgutp53R172H mice: 
in these mice, treatment with antibiotics counteracted the dysplasia 
that was observed in the colon and ileum, and the mice had shorter 
crypts and better organized villi in these regions (Fig. 4a, Extended Data 
Fig. 7b, c). Likewise, the eradication of the gut microflora resulted in 

Q7

reduced WNT activation and decreased cell proliferation specifically 
in the ileum and colon of CKIaΔgutp53R172H mice (Fig. 4b, c, Extended Data 
Fig. 7d–g). Together, our data suggest that the gut microbiota oppose 
the suppression of WNT that is mediated by mutant p53, and thereby 
promote tumorigenesis in the distal bowel.

Gallic acid mimics the microbiota effect
An analysis of the microflora composition by bacterial 16S rRNA 
sequencing showed that there were no major differences in species 
between CKIafl/fl and CKIafl/flp53R172H mice (data not shown). It is there-
fore unlikely that mutant p53 contributes to tumorigenesis indirectly 
through dysbiosis. Commensal gut bacteria—and in particular their 
metabolic products—strongly influence the predisposition to develop 
colorectal cancer18. We thus speculated that specific bacteria-derived 
metabolites that are present in the distal but not in the proximal gut 
might have the potential to counteract the WNT-suppressive effect of 
mutant p53. To test this hypothesis, we performed a coarse metabolite 
screen in CKIaKOp53R172H jejunal organoids. Organoids were treated with 
metabolites from four major subgroups that have been documented 
to exert epigenetic effects often associated with tumorigenesis19: 
short-chain fatty acids (for example, butyrate and caproate); lipid 
derivatives (for example, deoxycholate); isothiocyanates (for exam-
ple, sulforaphane); and polyphenols (for example, urolithin B, ellagic 
acid and gallic acid). Organoid morphology, proliferation capacity 
and WNT activity were tested in treated versus non-treated organoids. 
Whereas treatment with short-chain fatty acids, lipid derivatives or 
isothiocyanates did not have a marked effect on morphology, polyphe-
nols caused organoid rounding, with polyphenol-treated organoids 
resembling the WNT-active CKIa/p53 DKO organoids in their morphol-
ogy (Extended Data Fig. 8a). Of the polyphenols that were tested, only 
gallic acid significantly increased the proliferation capacity and WNT 
activity of CKIaKOp53R172H organoids (Extended Data Fig. 8a, b). The mor-
phology of CKIafl/fl and CKIafl/flp53R172H organoids was not altered after 
treatment with gallic acid (Extended Data Fig. 8c), suggesting that gal-
lic acid specifically impairs the ability of mutant p53 to suppress WNT 
hyperactivation. Likewise, administration of gallic acid to CKIa/p53 
DKO and ApcMin/Min organoids that express human mutant p53 reversed 
the mutant-p53-induced differentiation phenotype to a transformed 
phenotype characterized by spheroids with no outpockets (Extended 
Data Fig. 8d). Finally, we tested whether the presence of gallic acid is 
necessary for maintaining the suppression of the anti-tumorigenic 
effect of mutant p53 by removing gallic acid from the organoid cul-
ture medium. Four days after the removal of gallic acid, CKIaKOp53R172H 
organoids lost their hyper-WNT-proliferative properties and reverted 
to the normal organoid appearance, in which WNT expression is limited 
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immunofluorescence of GFP with p53 (endogenous and transduced) or with 
Ki67 in organoids that were transduced with the indicated lentiviruses. Nuclear 
counterstain (immunofluorescent images), Hoechst (blue). Inserts 
(bright-field images) show a GFP and bright-field merged image of a 
representative organoid. Scale bars, 500 μm (top); 100 μm (bottom). 
Representative data from three (a) or two (c) independent experiments.
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to the organoid outpockets (Extended Data Fig. 8e). This indicates 
that the continuous presence of gallic acid is required to prevent the 
tumour-suppressive property of mutant p53.

To study the effect of gallic acid on WNT suppression and gut tumo-
rigenesis in vivo, we first measured the content of gallic acid in the 
jejunum (which is sparsely populated by bacteria) and in the ileum 
(which is densely populated),18 and found markedly higher levels in the 
distal small intestine (Extended Data Fig. 9a). Gallic acid is formed from 
3-dehydroshikimate by the action of the bacterial enzyme shikimate 
dehydrogenase (SDH)20. Two bacterial strains—Lactobacillus plantarum 
and Bacillus subtilis—have specifically been identified as producers of 
gallic acid in humans21. We identified the SDH-coding genes of these 
strains (aroE of B. subtilis and aroc2 of L. plantarum) in the stool and 
the mucosa of CKIafl/fl and CKIafl/flp53R172H mice, with no significant dif-
ferences between the two mouse genotypes (Extended Data Fig. 9b, c).  
Notably, whereas the jejunum contains minimal copies of the SDH 
genes, abundant copies were present in both the ileum and the colon 
of CKIafl/fl and CKIafl/flp53R172H mice (Extended Data Fig. 9c). Antibiotic 
treatment that eliminated nearly all of the copies of the SDH genes in 
mouse stools (Extended Data Fig. 9b) ameliorated tumorigenesis in 
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CKIaΔgutp53R172H mice (Fig. 4 and Extended Data Fig. 7). We then treated 
the mice with gallic acid, which increased the levels of gallic acid in the 
jejunum to nearly half of the endogenous levels in the ileum (Extended 
Data Fig. 9a). Treatment with gallic acid affected the properties of the 
jejunum specifically in CKIaΔgutp53R172H mice; it became highly prolif-
erative, with abundant high-grade dysplastic foci (Fig. 5a, Extended 
Data Fig. 9d). Consistent with this, the average nuclear size and overall 
dysplasia score were significantly higher in gallic-acid-treated versus 
non-treated CKIaΔgutp53R172H mice (Extended Data Fig. 9e, f). The effect of 
gallic acid was then tested in the ApcMin/+ mouse models. Treatment with 
gallic acid completely abolished the mutant-p53-mediated suppression 
of tumorigenesis in the proximal gut of ApcMin/+p53R172H mice, but had 
no effect in ApcMin/+ mice that express wild-type p53 (ApcMin/+p53WT), 
indicating that—similar to our findings in the CKIaΔgut-based mouse 
models—the effect of this microbial metabolite is mediated through 
mutant p53 (Fig. 5b, c, Extended Data Fig. 9g–j).

Notably, in line with the organoid results, treating mice with gallic 
acid reversed the WNT-suppressive effect of mutant p53. Treatment with 
gallic acid enabled TCF4–chromatin association and H3K4me3 modifi-
cation at genomic WNT promoters exclusively in jejunal enterocytes of 
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Fig. 5 | Gallic acid induces WNT-driven dysplasia and tumorigenesis when 
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gallic acid (GA) or not treated (NT). Scale bar, 100 μm. b, Representative images 
of different segments of the mouse bowel. Arrowheads indicate visible 
tumours. c, Quantification of visible tumours per mouse. Mean ± s.e.m.  
(n, number of mice), one-sided Student’s t-test. d, TCF4 ChIP of WNT target 
promoters in mouse jejunal enterocytes. Mean enrichment ± s.e.m. (n, number 
of mice), one-sided Student’s t-test. e, Over-representation analysis of enriched 

gene sets differentially expressed in the jejunum of gallic-acid-treated versus 
not-treated CKIaΔgutp53R172H mice; negative logarithm of Benjamini–
Hochberg-corrected P values (data derived from three mice of each group). 
The red line indicates the significance threshold for α = 0.05. f, Immunoblot of 
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Supplementary Fig. 1. Representative data from two or three independent 
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CKIaΔgutp53R172H mice (Fig. 5d, Extended Data Fig. 9k), thereby inducing 
the expression of WNT target genes (Extended Data Fig. 9l–o). Moreo-
ver, transcriptome analysis highlighted WNT as the most differentially 
affected pathway in the jejunum of gallic-acid-treated CKIaΔgutp53R172H 
mice (Fig. 5e). Gene sets associated with DNA replication and strand elon-
gation were also highly enriched, possibly secondary to WNT activation.

Supplementation with gallic acid abolished the tumour-suppressive 
activity of mutant p53 in the distal gut of CKIaΔgutp53R172H mice that 
were treated with antibiotics; the ileum and colon of the mice became 
hyperproliferative, with abundant high-grade dysplastic foci, and WNT 
target genes were highly induced throughout the ileum and colon 
(Fig. 5f, Extended Data Fig. 10). Together, our data indicate that gal-
lic acid—which is produced by bacterial species that are present in 
both humans and mice, and is naturally abundant only in the distal 
gut—fully reproduces the effect of the gut microbiome in abolishing 
the tumour-suppressive activity of mutant p53.

Discussion
Our study reveals a remarkable functional plasticity of mutant p53 
and shows the instructive role of the microbiome in moulding this 
plasticity. Two of the most common mutant p53 isoforms exert robust 
tumour-suppressive effects in the proximal mouse gut that exceed the 
effects of wild-type p53: mutant p53 suppresses WNT-driven hyperpro-
liferation and dysplasia in CKIaΔgut mice and tumorigenesis in ApcMin/+ 
mice. These tumour-suppressive effects were completely abolished 
and instead converted to oncogenic gain-of-function activity upon 
interfacing with the native gut microbiota, or specifically by supple-
mentation with gallic acid. How treatment with gallic acid overrides the 
WNT-blocking effect of mutant p53 remains unknown, but its reversible 
effect opens up possible preventive and therapeutic options for cancer; 
for example, through dietary management, inhibitors of gallic acid 
synthesis20,22 and gallic acid antagonists. It is also possible that other 
microbiota-derived metabolites might act as similar modulators of 
mutant p53, or that there are some indirect metabolite effects through 
the tumour stroma and the immune system.

Gain-of-function mutations in TP53 are also prevalent in tumour 
tissues that are inherently devoid of any substantial microbiome2, and 
these mutations may thus be favoured over loss-of-function mutations 
by mechanisms that do not involve the microbiota. Of note, TP53 and 
CTNNB1 mutations, which are the most frequent drivers of hepatocel-
lular carcinoma in humans, are mutually exclusive23 (Supplementary 
Table 1), suggesting that WNT might be suppressed by mutant p53 in 
hepatocytes. Certain gain-of-function mutations in TP53 may thus show 
a tumour-suppressive function preferentially in WNT-driven cancers. 
Assuming that p53 mutations act similarly in humans, it is possible that 
selecting p53 mutations as tumour-suppressive entities could be of 
value to the maintenance of tissue homeostasis. Somatic p53 mutations 
are fairly prevalent and seem to promote clonal selection in healthy 
human skin24 and in the ageing oesophagus25,26. Why p53 mutations 
are associated with clonal expansion far more than other oncogenic 
cancer mutations is unclear. It is tempting to speculate that mutant 
p53 has a dual role in ageing or tissue damage, in promoting clonal 
expansion but also facilitating normal differentiation. Tissue damage 
and loss may trigger compensatory growth mechanisms, which unless 
supported by a differentiation capacity will not be functional. Positive 
selection for p53 mutations could promote functional clonal expansion, 
possibly in cooperation with alterations in WNT signalling—similarly to 
the effects of mutant p53 that we observed in gut organoids. Notable 
in this respect is the hypermethylation of the WNT inhibitors SFRP2 
and SFRP1 that occurs in 73% of the normal oesophagus and 96% of the 
damaged Barrett’s oesophagus, respectively27. It is therefore possible 
that whereas germline TP53 mutations are detrimental and predispose 
to the early onset of multiple types of cancer, localized somatic TP53 

mutations—especially at an increased age—could be beneficial as a 
protective means. This programmed reversed antagonistic pleiotropy28 
may explain the plasticity of p53 mutations and why p53 is so prone 
to undergo mutations rather than ablation, as is typical of most other 
tumour-suppressor genes.
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Methods

Data reporting
No statistical methods were used to predetermine sample size. Unless 
otherwise stated, the experiments were not randomized and the investi-
gators were not blinded to allocation during experiments and outcome 
assessment.

Mouse breeding and genotyping
All mice were of the species Mus musculus (C57BL/6J). Csnk1a1fl/fl; 
Villin-Cre-ERT2 (CKIafl/fl) and Csnk1a1fl/fl;Trp53fl/fl;Villin-Cre-ERT2 (CKIafl/fl 
p53fl/fl) mice were generated as previously described3. Mice with a 
germline knock-in Trp53 point mutation R172H or R270H were pur-
chased from The Jackson Laboratory (B6.129S4(Cg)-Trp53tm2.1Tyj/J or 
B6.129S4-Trp53tm3.1Tyj/J, respectively)10,11 Mice were backcrossed for 
seven generations with C57BL/6 mice to generate a pure genetic back-
ground. CKIaΔgutp53R172H and CKIaΔgutp53R270H mice were generated by 
crossing mice with a knock-in Trp53R172H or Trp53R270H mutation with 
CKIafl/fl mice. Mice with a heterozygous germline nonsense mutation at 
codon 850 of Apc (ApcMin/+) were purchased from The Jackson Labora-
tory (C57BL/6J-ApcMin/J)5, and ApcMin/+p53R172H mice were generated by 
crossing mice with a knock-in Trp53R172H mutation with ApcMin/+ mice. All 
mice were kept under specific-pathogen-free (SPF) conditions in the 
Hadassah Medical School animal facility unit of the Hebrew University. 
All experiments were performed in accordance with the guidelines 
of the Hebrew University’s ethics committee according to AAALAC 
standards. The study is in compliance with all relevant ethical regula-
tions. To reduce the suffering of the mice, mice were euthanized and 
excluded from experiments if they lost 20% of their initial bodyweight 
during the progression of the experiment or 10% within 2–3 days. All 
mice were from the same genetic background (C57BL/6) and all experi-
ments were performed on male or female mice of similar ages and in 
similar numbers, as our initial data did not indicate any notable differ-
ences between mouse genders. For mouse genotyping, DNA from the 
tail or ear of 4-week-old pups was extracted using standard protocols 
and the following primers were used: Csnk1a1fl forward: TCCACAG 
TTAACCGTAATCGT, reverse: AACTGCAAATGAAAGCCCTG; Trp53fl 
forward: CACAAAAAACAGGTTAAACCCAG, reverse: AGCACATAG 
GAGGCAGAGAC; Trp53R172H forward: ACCTGTAGCTCCAGCACTGG, 
reverse: ACAAGCCGAGTAACGATCAGG; Trp53R270H forward: AGCCTGCCT 
AGCTTCCTCAGG, reverse: CTTGGAGACATAGCCACACTG; ApcWT for-
ward: GCCATCCCTTCACGTTAG, reverse: TTCCACTTTGGCATAAGGC; 
ApcMin forward: TTCTGAGAAAGACAGAAGTTA, reverse: TTCCACTTTGG 
CATAAGGC; Cre forward: CAAGCCTGGCTCGACGGCC, reverse: CGCGA 
ACATCTTCAGGTTCT. For all experiments, sample size was chosen on 
the basis of previous experiments involving the same mouse models 
in our laboratory, and pilot studies. These data were also used to esti-
mate the number of samples needed for conclusive and statistically 
significant results.

Tamoxifen administration, antibiotic and gallic acid treatments 
and tissue preparation
Mice were randomly separated from breeding cages 21 days after birth 
and allotted to different experimental groups. Knockout of CKIa and 
p53 was induced in 6–8-week-old mice by four subcutaneous tamoxifen 
injections (150 mg/kg) (Sigma-Aldrich) every alternate day and mice 
were euthanized afterwards. For antibiotic treatment, a combination 
of vancomycin (250 mg/l, BioAvenir), imipenem (250 mg/l, MSD) and 
metronidazole (250 mg/l, B. Braun) was administered in the drinking 
water, supplemented with sucrose (20 g/l, Sigma-Aldrich) for two weeks 
before the first tamoxifen injection and throughout the eight days of 
knockout induction for a total period of three weeks. Vehicle-treated 
mice were administered sucrose. For gallic acid treatment, gallic acid 
(1 g/l, Sigma-Aldrich) was administered in the drinking water for four 
weeks before the first tamoxifen injection and throughout the eight 
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days of knockout induction for a total period of five weeks. Mice 
co-treated with gallic acid and antibiotics were subjected to treatment 
with gallic acid for two weeks, followed by treatment with gallic acid 
and a cocktail of antibiotics for an additional two weeks before the first 
tamoxifen injection and throughout the eight days of knockout induc-
tion for a total period of five weeks. ApcMin/+p53WT and ApcMin/+p53R172H 
mice were euthanized at 3 or 5 months of age. Representative gut images 
were positioned on a virtual background. For gallic acid treatment of 
ApcMin/+ mice, gallic acid (1 g/l) was continuously administered in the 
drinking water of four-week-old mice for three months. Tumour burden 
was evaluated by quantification of visible tumours in different regions 
of the gut and measurement of tumours size was done using a caliper 
(Fine Science Tools). The intestine, liver, spleen, kidney and lung were 
subjected to fixation in 4% formaldehyde and paraffin embedding in 
formalin-fixed paraffin-embedded (FFPE) blocks. The duodenum, jeju-
num, ileum and colon were flushed with ice-cold phosphate-buffered 
saline (PBS) and cut open longitudinally before the fixation. Intestinal 
epithelial cells from different gut sections were isolated as described 
previously3. For villus and crypt fractions, jejuna were shaken in 2 mM 
EDTA in PBS for 30 min, followed by a gentle shaking and centrifugation 
(villus fraction). The crypt fraction was prepared by a vigorous shaking 
of the remaining tissue, followed by 70-μm filtration and centrifugation.

Histology and immunohistochemistry
For H&E staining and IHC analysis, FFPE blocks were cut into 5-μm sec-
tions. For IHC, sections were blocked with normal horse or goat serum 
(Vector) for 1 h and then incubated overnight at 4 °C with the following 
antibodies in CAS-Block (Invitrogen): AXIN2 (1:200, Abcam), CD44 
(1:200, eBioscience), CKIα (1:1,000, Abcam) Cyclin D1 (1:125, Thermo 
Fisher Scientific), Ki67 (1:200, Neomarkers), p21 (1:50, Santa Cruz Bio-
technology), p53 (1:200, Novocastra), PROX1 (1:200, R&D Systems) 
and SOX9 (1:1,000, Abcam). Secondary antibodies were horseradish 
peroxidase (HRP) polymer-conjugated goat anti-rat, horse anti-rabbit, 
horse anti-goat (Vector) or anti-mouse (mouse-on-mouse; Nichirei). 
Diaminobenzidine (DAB) chromogen (Thermo Fisher Scientific) was 
used for detection and haematoxylin was used as a counterstain. Images 
were taken with a BX51 Olympus microscope. Measurement of the 
number and size of tumours and the degree of dysplasia in histology 
sections was performed blindly.

Intestinal crypt cultures (organoids)
Intestinal crypts from the jejunum or ileum of the different mouse 
genotypes were isolated on the basis of previously published meth-
ods4,29. To ascertain the preservation of jejunal and ileal properties 
of the respective organoid cultures, the levels of Lct and Fabp6 were 
measured, demonstrating higher levels of the former in jejunal orga-
noids and higher levels of the latter in ileal organoids30. Crypts were 
collected as described and embedded onto Matrigel (BD Biosciences) 
at 50 μl per well in 24-well plates. The culture medium was Dulbecco’s 
modified Eagle medium (DMEM)/F12 (Gibco), containing GlutaMAX 
(1:100, Gibco) and penicillin–streptomycin (1:100, Biological Indus-
tries). The medium was supplemented with B27 (1:50, Gibco), mouse 
Noggin (100 ng/ml, Peprotech), mouse EGF (20 ng/ml, Peprotech), 
human basic FGF (10 ng/ml, Peprotech) and human R-spondin-1 (500 
ng/ml, Peprotech). For ApcMin/Min organoids (derived from adenomas 
after Apc loss-of-heterozygosity in ApcMin/+ mice) the medium was 
DMEM/F12 supplemented with mouse EGF and B27 alone. Organoid 
cultures were split 1:4 and embedded onto new Matrigel every five to 
seven days. Knockout induction in the crypt cultures was achieved by 
incubation with 300 nM 4-hydroxytamoxifen (4OHT; Sigma-Aldrich) 
for 72 h. Selection for organoids with an active WNT–β-catenin pathway 
was done by splitting the 4OHT-induced organoids and culturing them 
without R-spondin-1 in the culture medium. For the screen of bacterial 
metabolites, organoids were first treated with several increasing con-
centrations of the different bacterial metabolites in the medium, and 
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then for each metabolite the maximum non-toxic concentration was 
chosen: butyric acid (100 μM, Sigma-Aldrich), caproic acid (100 μM, 
Sigma-Aldrich), sulforaphane (500 nM, Sigma-Aldrich), sodium deoxy-
cholate (50 μM, Sigma-Aldrich), ellagic acid (50 μM, Sigma-Aldrich), gal-
lic acid (50 μM, Sigma-Aldrich) and urolithin B (50 μM, Sigma-Aldrich). 
Organoids were also screened and treated with propionic acid (100 μM,  
Sigma-Aldrich), acetic acid (100 μM, Sigma-Aldrich) and sodium litho-
cholate (50 μM, Sigma-Aldrich); all of these three had no effect and 
therefore are not included. To test whether the effect of gallic acid 
on organoids is reversible, organoids were either grown with gallic 
acid for nine days continuously, or five days with and then four days 
without gallic acid.

Histology, immunofluorescent staining and imaging of 
intestinal crypt organoids
Organoids were cultured on round cover slips in 24-well plates. Fixa-
tion was performed with 4% paraformaldehyde for 15 min, and this 
was followed by permeabilization with 0.5% Triton X-100 in PBS for 
30 min. Blocking was performed with CAS-Block (Invitrogen) for  
30 min and then organoids were incubated with the following primary 
antibodies for 3 h: AXIN2 (1:200, Abcam), CD44 (1:200, eBioscience), Cyc-
lin D1 (1:125, Thermo Fisher Scientific), GFP (1:500, Abcam), Ki67 (1:200, 
Neomarkers), p53 (1:200, Novocastra), p53 (1:1,000, Cell Signaling 
Technology) and SOX9 (1:1,000, Abcam). Secondary antibodies, Alexa 
Fluor 488-conjugated donkey anti-mouse and donkey anti-rabbit and 
Alexa Fluor 647-conjugated donkey anti-goat and goat anti-rat (1:1,000, 
Thermo Fisher Scientific), were applied for 3 h. Hoechst (1 mg/ml,  
Molecular Probes) was used as a counterstain for nuclei. The orga-
noids were mounted in mounting medium (Immco Diagnostics) and 
imaged with a Olympus IX81 confocal microscope. For H&E staining, 
Matrigel-embedded organoids from 6 wells of a 24-well plate were fixed 
with 100 μl plasma and 50 μl thrombin (20 IU/ml, Siemens), followed by 
overnight incubation in 4% formaldehyde (Bio-Lab). Fixed organoids 
were embedded in paraffin and blocks were cut into 5-μm sections and 
stained with H&E. Bright-field images of infected organoids were taken 
using a fluorescent microscope (Observer Z1, Zeiss).

Virus preparation
Authenticated 293T cells purchased from ATCC (CRL-3216) were grown 
in DMEM medium (Gibco) containing 10% fetal bovine serum (FBS; 
Thermo Fisher Scientific), glutamine (1:100, Biological Industries) 
and penicillin–streptomycin (1:100, Biological Industries). Cells were 
routinely tested for mycoplasma contamination and were negative. 
The 293T cells were transfected with lentiviral vectors expressing 
either GFP, p53R175H-GFP or p53R270H-GFP, using a TransIT-LT1 transfec-
tion reagent (MirusBio). Virus-containing medium was collected three 
days after the infection and concentrated (30×) by ultracentrifugation 
(Beckman Coulter Diagnostics, 18 h, 70,000 RCF) and virus pellets were 
resuspended in 500 μl organoid infection medium.

Organoid infection and quantification of outpocket budding
Freshly split CKIa/p53 DKO and ApcMin/Min organoids were treated with 
80 ng WNT3A (Peprotech) and 10 mM nicotinamide (Sigma-Aldrich) 
for three days before infection. On the day of infection, organoids 
were incubated in 200 μl of concentrated virus in infection medium 
(DMEM/F12 supplemented with WNT3A (80 ng/ml, Peprotech), 10 mM 
nicotinamide, B27 (1:50, Gibco), mouse Noggin (100 ng/ml, Pepro-
tech), mouse EGF (20 ng/ml, Peprotech), human basic FGF (10 ng/ml,  
Peprotech) human R-spondin-1 (500 ng/ml, Peprotech), ROCK inhibi-
tor (Sigma-Aldrich) and polybrene (8 μg/ml, Sigma-Aldrich) for 4 h. 
Infected organoids were collected, Matrigel-embedded and grown in 
DMEM/F12 medium for five days. Immunofluorescent double stain-
ing for p53–GFP and Ki67–GFP was performed and the percentage 
of organoids with outpocket budding was calculated out of the total 
GFP-expressing population of organoids. Two independent organoid 

infection cultures were analysed in Fig. 3b. Bright-field and GFP imaging 
were performed using a fluorescent microscope (Observer Z1, Zeiss).

Immunoblot analysis
Whole-cell protein extracts were prepared from intestinal organoids and 
enterocytes isolated from jejunal and ileal epithelia using lysis buffer  
(50 mM Tris, 150 mM NaCl, 5 mM EDTA and 0.5% NP40) containing protease 
inhibitor cocktail (1:200, Calbiochem), PMSF (1 mM, Sigma-Aldrich) and 
phosphatase inhibitors: β-glycerophosphate (20 mM, Sigma-Aldrich), 
PNPP (20 mM, Sigma-Aldrich) and okadaic acid (100 nM, Calbiochem).  
For preparation of the cytoplasmic and nuclear protein fractions, 
enterocyte pellets were incubated in hypotonic buffer (10 mM HEPES, 
150 μM spermine, 750 μM spermidine, 100 μM EDTA, 100 μM EGTA,  
2 mM DTT and 10 mM KCl with protease and phosphatase inhibitors). 
After centrifugation, the cytoplasmic fraction (supernatant) was col-
lected and the nuclear pellet was suspended in nuclear extraction buffer 
(20 mM HEPES, 150 μM spermine, 750 μM spermidine, 200 μM EDTA,  
2 mM EGTA, 500 μM DTT, 42 mM NaCl and 25% (v/v) glycerol with 
protease and phosphatase inhibitors) and sonicated (VC750, Sonics). 
The nuclear fraction (supernatant) was collected after centrifugation. 
Immunoblot analysis was performed using standard techniques. Blots 
were incubated with the following primary antibodies in 3% BSA in TBST: 
AXIN2 (1:1,000, Abcam), BAX (1:1,000, Cell Signaling Technology), 
β-catenin (1:750, BD Transduction), non-phospho (active) β-catenin 
(1:1,000, Cell Signaling Technology), CKIα (1:1,000, Santa Cruz Bio-
technology), Cyclin D1 (1:500, Thermo Fisher Scientific), fibrillarin 
(1:500, Abcam), GAPDH (1:10,000, Merck), Myc (1:1,000, Cell Signal-
ing Technology), p21 (1:200, Santa Cruz Biotechnology), p53 (1:1,000, 
Novocastra), PP2Ac (1:1,000, Merck), PROX1 (1:200, R&D Systems), 
TCF4 (1:1,000, Abcam) and tubulin (1:5,000, Sigma-Aldrich). Secondary 
antibodies were HRP-linked goat anti-mouse, goat anti-rabbit and rab-
bit anti-goat (1:10,000; Jackson). Blots were developed using enhanced 
chemiluminescence (GE Healthcare).

RNA expression analysis
Total RNA was extracted from cell pellets using the miRNeasy extrac-
tion kit (Qiagen) and subjected to reverse transcription using M-MLV 
RT (Invitrogen). For quantification of miR34a, 0.5 μg RNA was 
poly-A-polymerized (Ambion) before reverse transcription. mRNA 
expression levels were measured by RT–qPCR using SYBR Green (Inv-
itrogen) in a QuantStudio 12K Flex Real-Time PCR system (ABI). Rela-
tive quantities of gene transcripts were analysed in ExpressionSuite 
v.1.1 software and normalized to the Ubc (mRNA) or U6 (Mir34a) tran-
scripts. The sequences of RT–qPCR primers are as follows: 16S for-
ward: AGTGTTTGATCCTGGCTC, reverse: TGCTGCCTCCCGTAGGAGT; 
Axin2 forward: TAGGCGGAATGAAGATGGAC, reverse: CTGGTCACCCA 
ACAAGGAGT; Bax forward: ATGCGTCCACCAAGAAGCTGA, reverse: 
AGCAATCATCCTCTGCAGCTCC; Ccnd1 forward: TTGACTGCCGAGAAG 
TTGTG, reverse: CCACTTGAGCTTGTTCACCA; Ccng1 forward: GCTGGC 
GCTATCTATCCTTG, reverse: GGTCAAATCTCGGCCACTTA; Csnk1a1 
forward: GGTGCGGAAGATCGGATCT, reverse: TTCACTGCCACTTCCT 
GCC; Ephb2 forward: TGGCAAGTTCAGTGGCAAGA, reverse: GGCCA 
CCAGAGACACAACAA; Fabp6 forward: TTCTTCCTTAGCTGCTCGC, 
reverse: CTGCTGGACCTCTGTGATG; Lct forward: AGATCCAGGGCACCT 
TTGAC, reverse: GAAGCAACTCCCCTATCGGC; Mdm2 forward: TGTGT 
GAGCTGAGGGAGATG, reverse: CACTTACGCCATCGTCAAGA; Mir34a 
forward: TGGCAGTGTCTTAGCTGGTTGTT, reverse: GCGAGCA 
CAGAATTAATACGAC; Myc forward: TGAGCCCCTAGTGCTGCAT, 
reverse: AGCCCGACTCCGACCTCTT; p21 forward: TCCACAGCGATA 
TCCAGACA, reverse: AGACAACGGCACACTTTGCT; Puma (Bbc3) 
forward: CAAGAAGAGCAGCATCGACA, reverse: TAGTTGGGCTCCA 
TTTCTGG; Sox9 forward: GGAGCTAFGCAAGACTCTGG, reverse: 
TGTAATCGGGGTGGTCTTTCT; Trp53 forward: TGAAACGCCGACCT 
ATCCTTA, reverse: GGCACAAACACGAACCTCAAA; U6 forward: GATGA 
CACGCAAATTCGTGAA, reverse: GCGAGCACAGAATTAATACGAC;  



Ubc forward: CAGCCGTATATCTTCCCAGAC, reverse: CTCAGAGGGAT 
GCCAGTAATC.

RNA sequencing
For quality control of RNA extraction yield and library synthesis prod-
ucts, the RNA ScreenTape kit (Agilent Technologies), D1000 Screen-
Tape kit (Agilent Technologies), Qubit RNA HS Assay kit (Invitrogen) 
and Qubit DNA HS Assay kit (Invitrogen) were used for each specific 
purpose. For mRNA library preparation, the KAPA Stranded mRNA-seq 
kit with mRNA capture beads (Kapa Biosystems) was used. In brief,  
1 μg was used for the library construction, and the library was eluted 
in 20 μl of elution buffer. Libraries were adjusted to 10 mM, then  
10 μl from each sample was collected and pooled in one tube. A pool 
of multiplex samples (1.5 pM including PhiX 1.5%) was loaded into the 
NextSeq 500/550 High Output v2 kit (75 cycles) cartridge (Illumina) 
and loaded on a NextSeq 500 System (Illumina), with 75 cycles and 
single-read-sequencing conditions. Obtained sequencing data were 
aligned to the Ensembl Mus musculus reference genome, revision  
92 (mm10), and read counts per gene were normalized to sequencing 
depth and gene length as fragments per kilobase per million reads 
mapped (FPKM). Differential expression was assessed using DESeq231. 
Genes were considered differentially expressed if they had an FPKM > 1 
in at least one sample and showed an absolute log-transformed fold 
change ≥ 1 together with a false discovery rate (FDR) > 0.05 (Benjamini–
Hochberg-corrected P value). Gene sets for the over-representation 
analysis were obtained from the Ingenuity database and the Molecular 
Signatures Database (MsigDB; version 5.0, collections H, C2, C5, C6 
and C7). The significance of over-representation was assessed using 
a hypergeometric test and corrected for multiple hypothesis testing 
using the Benjamini–Hochberg correction. RNA-sequencing (RNA-seq) 
results and gene expression data are available at Array Express under 
E-MTAB-7859.

Chromatin immunoprecipitation
Freshly extracted enterocytes were fixed and cross-linked using 1% 
paraformaldehyde solution for 10 min and neutralized with 125 mM 
glycine for 5 min. Cells were resuspended and lysed in RIPA buffer 
containing 0.5% SDS. To solubilize and shear cross-linked DNA mol-
ecules, lysates were sonicated with a Covaris M220 Sonicator at 75W 
with 20% duty factor and 200 cycles for 20 min. Immunobeads were 
prepared by incubation of 80 μL Dynabeads Protein G magnetic beads 
(Life Technologies) for 6 h with 2 μg of either anti-TCF4 (Millipore) or 
anti-H3K4me3 (Active Motif) antibodies. For p53 ChIP 80 μl packed 
antibody-conjugated agarose beads (Santa Cruz Biotechnology) were 
used. Sonicated lysates were centrifuged at 13,000 rpm for 5 min and 
the chromatin was incubated overnight at 4 °C with the anti-TCF4, 
anti-H3K4me3 or anti-p53 immune-beads. After ChIP, samples were 
washed and bound complexes were eluted by Direct Elution Buffer  
(10 mM Tris-HCl pH 8, 0.3 M NaCl, 5 mM EDTA and 0.5% SDS), followed 
by treatment with RNase A (Thermo Fisher Scientific) and Proteinase K 
(Invitrogen). Chromatin was purified with the QIAquick Gel Extraction 
Kit (Qiagen). For p53 ChIP–seq, libraries were prepared from purified 
chromatin using the Microplex Library Preparation Kit (Diagenode) 
according to the manufacturer’s instructions. The quality of sequenc-
ing libraries was controlled using a Bioanalyzer 2100 with the Agilent 
High Sensitivity DNA Kit (Agilent). Pooled sequencing libraries were 
quantified with digital PCR (QuantStudio 3D, Thermo Fisher Scientific) 
and sequenced on an Illumina HiSeq 1500 platform in rapid-run mode 
with 50-base single reads. For TCF4 and H3K4me3, ChIP products were 
tested by qPCR using SYBR Green (Invitrogen) in a QuantStudio 12K  
Flex Real-Time PCR system (ABI). Enrichment values were calculated 
compared to the Cryaa gene and were analysed in ExpressionSuite 1.1 
software with the following primers: TCF4 ChIP: Axin2 forward: CTCCAG-
TAGAACATGGGGGAC, reverse: GCCCAGGGCAAAGTAATCC; Ccnd1 for-
ward: GAAGGGTTTGGGCTTGC, reverse: CCTCTGGAGGCTGCAGG; Cd44 

forward: GAATTGCAATTTTACATACGA, reverse: CTGTTCTTTCTTGTT 
TACATTTTAT; Cryaa forward: CCATCAGCTCATGACCCATA, reverse: 
CTTCAGGACATCCCAACCC; Ephb2 forward: GGGAGAGACCACTGC 
TGC, reverse: GGTTGGACTGCCAATCCTG; Myc forward: CAGCCGTA 
TATCTTCCCAGAC, reverse: CTCAGAGGGATGCCAGTAATC; Ubc for-
ward: GGAAACTGGGAAATTAATGT, reverse: GGACAAACCCAAGC 
TTTC; Sox9 forward: GAGGAAAACGAGCTTTTCAA, reverse: CATTTA 
AACATCCCCTTTCTG. H3K4me3 ChIP: Axin2 forward: ACAGCCCAAGA 
ACCGG, reverse: TTCTTAGAAACGGCTGCGA; Ccnd1 forward: GGTGT 
CAGGGTACGCGC, reverse: GGAGACCGGCAGTACAGC; Cd44 forward: 
CACTACAGTCCCTCCCCAG, reverse: TCCGTTTCATCCAGCACG; 
Cryaa forward: CCATCAGCTCATGACCCATA, reverse: CTTCAGGACA 
TCCCAACCC; Ephb2 forward: GGTGCAACCCGTGGG, reverse: 
CGCACACACACACGAGC; Myc forward: GGAAAAAAAAATAGAGAGAGG 
TGGG, reverse: GAGTGAGGCGAGTCGGAC; Sox9 forward: CTCAAGA 
GCTAGCCGTGATTG, reverse: GGACTGAAACTGGTAAAGTTGTCG;

ChIP–seq data analysis
Reads were aligned to the Ensembl Mus musculus reference genome, 
revision 92 (mm10), using Bowtie2 (v.2.0.0) using the default param-
eter settings32. The expected number of duplicates based on sequenc-
ing depth was estimated using a binomial distribution and lanes were 
de-duplicated to this estimate, keeping only these effective reads for 
further analysis. Peak calling was performed using MACS2 (v.2.1.0) with 
default parameters for all samples. To additionally reduce the number 
of false positive peaks, obtained peak lists were filtered to those peaks 
that showed at least threefold enrichment over input and a minimum 
of 50 effective foreground reads. To enable comparisons between 
samples, peak signals were normalized to the sequencing depth and 
expressed as counts per million (CPM). A heat map was produced show-
ing the CPM signal in a 2,000-base-pair window centred on the peak 
summits for all filtered peaks obtained for the CKIaΔgut sample. Three 
‘hyper-ChIPable’ regions contained in all samples including negative 
controls were considered artefacts and subsequently removed. CPMs 
were normalized to the 90th quantile per lane for a set of 166 peaks 
found in CKIaΔgut mice and ordered according to signal strength in 
descending order. ChIP–seq results and enrichment data are avail-
able at Array Express under E-MTAB-7858.

Average nuclear size and dysplasia score
The dysplasia score was calculated on the basis of five criteria: the num-
ber of high-grade dysplasia foci; nuclear size; nuclear morphology; devia-
tion of nuclei from the villus axis; and number of nucleoli in a nucleus. 
In each group, a total of 30 villi were microscopically scanned: 5 villi per 
field, 2 fields per mouse, 3 mice. For each villus, high-grade dysplasia foci 
were counted, and 10 nuclei were examined in terms of size, shape, num-
ber of nucleoli and nucleus deviation from the villus axis. The average 
nuclear size was calculated for each field. Each criterion was given a rank 
ranging from 0 (normal, as seen in CKIafl/fl mice) to 3 (highly dysplastic, as 
seen in CKIaΔgutp53Δgut mice) and the total dysplasia score was calculated 
by summing up the 5 ranks of all mentioned criteria. Measurements 
were done with a BX51 Olympus microscope using a 60× objective lens.

Extraction of DNA from stool and gut mucosa, PCR of 
SDH-coding genes and sequencing of 16S rRNA
Stool samples (around 100 mg) and mucosa pieces were freshly col-
lected. For antibiotic-treated mice, samples were collected after two 
weeks of treatment. DNA was extracted using the QIAamp Fast DNA 
stool Mini kit (Qiagen). Relative copy numbers of SDH-coding genes 
were determined using qPCR with the following primers: aroC2 for-
ward: TTAAGCGCCTTACTAGTATGGTCG, reverse: AAACAAGAGCCG 
AACACTTCAC; aroE forward: ATGAAACGAGATAAGGTGCAGAC, reverse: 
TGCTGCTTTGCTCAATGTG. For 16S rRNA sequencing, the V3 and V4 
variable regions of the 16S gene were amplified using the following 
primer sequences: forward: CTACGGGNGGCWGCAG, reverse: GACTA 
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CHVGGGTATCTAATCC. PCR products were cleaned from primers using 
AMPure XP beads, barcoded and cleaned again with AMPure XP beads. 
Concentrations were normalized to 10 nM and samples were pooled 
and paired-end reads (2 × 250 bp) were sequenced on a MiSeq platform 
(Illumina). The taxonomic composition of the samples was explored 
using the QIIME2 v.2019.4. pipeline33 implemented by the workflow 
platform NeatSeq-Flow34. In brief, the feature table and 16S sequences 
were generated by implementing the dada2 package35 using only the 
forward (R1) reads of each sequenced amplicon. A rooted phylogenetic 
tree was generated using the ‘align-to-tree-mafft-fasttree’ pipeline. The 
phylogenetic tree was used for alpha and beta diversity analyses using 
‘core-metrics-phylogenetic’, ‘alpha-rarefaction’ (sampling depth was 
5,000) and ‘alpha-group-significance’ methods. Taxonomic assignment of 
the sequences to deduce the composition of the samples was performed 
using a pre-trained naive Bayes classifier and the q2-feature-classifier 
plug-in. Differential abundance testing was performed using ANCOM36 
and Gnesis37. An alpha group significance test and ANCOM and Gnesis 
differential abundance testing showed that there no significant differ-
ences in taxonomic composition between the two bacterial populations

High-performance liquid chromatography–mass spectrometry
For jejunal and ileal samples, 5–7-cm segments from the jejunum and 
ileum of four non-treated and four gallic-acid-treated mice were taken, 
cleaned of stool and weighed. Samples were chopped, homogenized 
(PT 2100, Polytron) and centrifuged, and supernatants collected from 
every two mice of respective treatment groups were pooled. Samples were 
treated with 1% (v/v) formic acid to improve the recovery of gallic acid38, and 
methanol (4:1) was added for protein precipitation. Samples were vigor-
ously vortexed and centrifuged, and supernatants were dried completely 
using a vacuum concentrator (Speed-Vac). Samples were resuspended in 
ultra-pure water and the concentration of gallic acid was quantified using 
a Quantum Access MAX Triple-Stage Quadrupole mass spectrometer.

Statistics and reproducibility
Statistical analyses were performed using GraphPad Prism 8 software. 
For all in vivo and ex vivo experiments, an unpaired one-tailed Student’s 
t-test was applied for comparisons of two groups. A one-way analysis of 
variance (ANOVA) followed by Tukey’s post hoc analysis was applied when 
comparing three or more groups. A Kruskal–Wallis one-way analysis fol-
lowed by Conover’s test was used to compare relative copy numbers of 
SDH genes in different segments of the gut. Data in graphs are presented 
as mean ± s.e.m. The threshold of significance was 0.05 for both P and 
q values. Exact P values, sample sizes (n) and the statistical test used are 
provided in the figures and the corresponding figure legends. For ex vivo 
organoid experiments, technical triplicates as well as independent experi-
ments were performed on separate days to ensure reproducibility. For 
in vivo experiments, biological replicates as well as independent cohorts 
of mice were used as stated in the respective figure legends. RNA-seq and 
ChIP–seq experiments were performed with biological replicates. Biologi-
cal and technical replicates from independent experiments were used for 
all other data. All technically sound replication attempts were successful.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

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 
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ChIP–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 pro-
vided with this paper.
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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 CKIaΔgutp53Δgut 
mice. 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. c, IHC of PROX1 and Ki67 in mouse colon. d, Jejunal crypt 
length. Overall average of the mean values for each mouse ± s.e.m (n, number of 
crypts pooled from three mice), one-way ANOVA with Tukey’s test. 
Representative data from six independent experiments (a–c).
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Extended Data Fig. 2 | Mutant p53 counteracts dysplasia and tumorigenesis 
in the proximal gut without regaining wild-type transcriptional activity.  
a, H&E-stained sections and IHC of CKIα 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. b, Mouse 
colon thickness. Overall average of the mean values for each mouse ± s.e.m  
(n, number of colon thickness measurements), one-sided Student’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. d, RT–qPCR of p53 targets in mouse 
jejunal enterocytes. Mean ± s.e.m. (n, number of mice) relative to CKIafl/fl 
(normalized to 1), one-way ANOVA with Tukey’s test. e, IHC of p21 in indicated 
mouse gut segments. Representative data from two (a) or six (c, e) independent 
experiments.
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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 mouse ± s.e.m  

(n, number of mice), one-sided Student’s t-test. c, Quantification of visible 
tumours per mouse. Mean ± s.e.m. (n, number of mice), one-sided Student’s 
t-test. Representative data from three independent experiments (a).
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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. b, c, RT–qPCR of WNT targets in mouse jejunal (b) and ileal (c) 
enterocytes. Mean ± s.e.m. (n, number of mice) relative to CKIafl/fl (normalized 
to 1), one-way ANOVA with Tukey’s test. d, e, IHC of WNT targets in mouse ileum 
(d) and colon (e). f, g, Over-representation analysis of enriched gene sets 

differentially expressed in jejunum (f) and ileum (g) of CKIaΔgutp53R172H versus 
CKIaΔgutp53Δgut mice; negative logarithm of Benjamini–Hochberg-corrected 
P values (data derived from three mice of each group). Red lines indicate the 
significance threshold for α = 0.05. Representative data from four independent 
experiments (a, d, e).



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 enrichment ± s.e.m. (n, number 
of mice), one-way ANOVA with Tukey’s test. e, f, TCF4 (e) and H3K4me3 (f) ChIP 
of WNT target promoters in mouse ileal enterocytes. Mean enrichment ± s.e.m. 
(n, number of mice), one-sided Student’s t-test. g, H3K4me3 ChIP of WNT target 
promoters in crypt and villus fractions of mouse jejunum. Mean 
enrichment ± s.e.m. (n, number of mice), one-sided Student’s t-test. 
Representative data from three independent experiments (a, b).
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Extended Data Fig. 6 | See next page for caption.



Extended Data Fig. 6 | Mutant p53 promotes balanced growth and 
differentiation of intestinal organoids. a, RT–qPCR of Csnk1a1 and Trp53 in 
jejunal organoids. Mean ± 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 Tukey’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). 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. f, RT–qPCR of 
p53 targets in jejunal organoids. Mean ± 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 Tukey’s test.  
g, Immunofluorescent staining of Ki67 and WNT targets in jejunal organoids. 
Nuclear counterstain, Hoechst (blue). 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). 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, g–i) 
or five (c–e) independent experiments.
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Extended Data Fig. 7 | Antibiotic treatment unleashes the suppression of 
WNT, dysplasia and proliferation that were mediated by mutant p53 in the 
distal gut. a, RT–qPCR of the 16S subunit of microbial rRNA in the ileum of 
vehicle- or antibiotic-treated mice. Mean ± s.e.m. (n, number of mice) relative 
to vehicle-treated CKIafl/fl (normalized to 1), one-sided Student’s t-test. The 
y axis is represented as log10-transformed expression. b, Length of crypts in 
mouse ileum. Overall average of the mean values for each ± s.e.m (n, number of 

crypts), one-sided Student’s t-test. c, d, g, H&E-stained sections (c) and IHC of 
Ki67 (d) and WNT targets (g) in mouse colon. e, IHC of WNT targets in mouse 
ileum. f, RT–qPCR of WNT targets in ileal enterocytes from vehicle- or 
antibiotic-treated mice. Mean ± s.e.m. (n, number of mice) relative to 
vehicle-treated CKIafl/fl mice (normalized to 1), one-sided Student’s t-test. 
Representative data from four independent experiments (c, d, e, g).



Extended Data Fig. 8 | See next page for caption.
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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. b, RT–qPCR of WNT targets 
in jejunal organoids. Mean ± 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 Tukey’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. 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). 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. Representative data: a, c-e from two to three 
independent experiments.



Extended Data Fig. 9 | See next page for caption.
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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 CKIaΔgutp53R172H mice. Mean ± s.e.m. (n, number of samples, each 
pooled from two mice), one-way ANOVA with Tukey’s test. b, qPCR of SDH-
coding genes and 16S rRNA genes from mouse stool. Mean ± s.e.m. (n, number 
of mice from which stool was collected), relative to CKIafl/fl (normalized to 1), 
one-way ANOVA with Tukey’s test. c, qPCR of SDH-coding genes from the 
mucosa of different segments of the mouse gut. Mean ± s.e.m. (n, number of 
mice) relative to CKIafl/fl jejunum (normalized to 1), Kruskal–Wallis with 
Conover’s test. The y 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. e, Average nuclear size in mouse 
jejunal villi. Overall average of the mean values for each mouse ± s.e.m  
(n, number of microscope fields), one-sided Student’s t-test. f, Dysplasia score 

(see Methods) of mouse jejunal villi. Overall average of the mean values for  
each mouse ± s.e.m (n, number of villi), one-sided Student’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. Mean ± s.e.m. (n, number of mice), one-sided Student’s t-test. j, Tumour 
size (each mouse is colour-coded). Overall average of the mean values for  
each mouse ± s.e.m (n, number of mice), one-way ANOVA with Tukey’s test.  
k, H3K4me3 ChIP of WNT target promoters in mouse jejunal enterocytes. Mean 
enrichment ± s.e.m. (n, number of mice), one-sided Student’s t-test. l, RT–qPCR 
of WNT targets in mouse jejunal enterocytes. Mean ± s.e.m. (n, number of mice) 
relative to non-treated CKIafl/fl (normalized to 1), one-sided Student’s t-test.  
m, IHC of WNT targets in mouse jejunum. 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, m–o).



Extended Data Fig. 10 | Gallic acid reverses the effect of antibiotic 
treatment in the distal gut of CKIaΔgutp53R172H mice. a, b, H&E-stained sections 
of mouse ileum (a) and colon (b). c, IHC of Ki67 in mouse ileum and colon.  
d, RT–qPCR of WNT targets in mouse ileal enterocytes. Mean ± s.e.m.  

(n, number of mice) relative to antibiotic-treated CKIafl/fl (normalized to 1), 
one-sided Student’s t-test. e, f, IHC of WNT targets in mouse ileum (e) and colon 
(f). Representative data from two or three independent experiments (a–c, e, f).
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