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            Abstract
Environmental genotoxic factors pose a challenge to the genomic integrity of epithelial cells at barrier surfaces that separate host organisms from the environment. They can induce mutations that, if they occur in epithelial stem cells, contribute to malignant transformation and cancer development1,2,3. Genome integrity in epithelial stem cells is maintained by an evolutionarily conserved cellular response pathway, the DNA damage response (DDR). The DDR culminates in either transient cell-cycle arrest and DNA repair or elimination of damaged cells by apoptosis4,5. Here we show that the cytokine interleukin-22 (IL-22), produced by group 3 innate lymphoid cells (ILC3) and γδ T cells, is an important regulator of the DDR machinery in intestinal epithelial stem cells. Using a new mouse model that enables sporadic inactivation of the IL-22 receptor in colon epithelial stem cells, we demonstrate that IL-22 is required for effective initiation of the DDR following DNA damage. Stem cells deprived of IL-22 signals and exposed to carcinogens escaped DDR-controlled apoptosis, contained more mutations and were more likely to give rise to colon cancer. We identified metabolites of glucosinolates, a group of phytochemicals contained in cruciferous vegetables, to be a widespread source of genotoxic stress in intestinal epithelial cells. These metabolites are ligands of the aryl hydrocarbon receptor (AhR)6, and AhR-mediated signalling in ILC3 and γδ T cells controlled their production of IL-22. Mice fed with diets depleted of glucosinolates produced only very low levels of IL-22 and, consequently, the DDR in epithelial cells of mice on a glucosinolate-free diet was impaired. This work identifies a homeostatic network protecting stem cells against challenge to their genome integrity by AhR-mediated ‘sensing’ of genotoxic compounds from the diet. AhR signalling, in turn, ensures on-demand production of IL-22 by innate lymphocytes directly regulating components of the DDR in epithelial stem cells.
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                    Fig. 1: IL-22 protects stem cells against malignant transformation.[image: ]


Fig. 2: IL-22 regulates key components of the DDR.[image: ]


Fig. 3: IL-22 controls DNA-damage-induced apoptosis of colon stem cells.[image: ]


Fig. 4: Dietary AhR ligands control IL-22 production and the DDR.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Increased inflammation in Il22−/− mice during AOM–DSS carcinogenesis.
a–f, Mice were given one dose of AOM intraperitoneally, followed by one week of 2% DSS in drinking water. a, Tumour development in Il22+/+ and Il22−/− mice. Scale bar, 1 cm. Tumour number (b) (Il22+/+, n = 9; Il22−/−, n = 8; mean ± s.e.m.; P = 0.022) and regional distribution of tumours (c) (Il22+/+, n = 7; Il22−/−, n = 10; mean ± s.e.m.; rectum, P = 0.0007; total, P = 0.0078). d, Body weight as percentage of initial weight (Il22+/+, n = 7; Il22−/−, n = 10; mean ± s.e.m.). e, Expression of the indicated inflammatory and tumour-promoting genes (n = 4–6; mean ± s.e.m.) in colonic mucosa was assessed by qRT–PCR two days after DSS treatment was stopped. f, Expression of the indicated genes was analysed by qRT–PCR within tumours (n = 3–9, mean ± s.e.m.). g, Schematic representation of the CAC treatment in mice with sporadic inactivation of the Il22ra1 gene (Il22ra1fl/fl;Lgr5creERT2/+;R26R-Confetti and Il22ra1fl/+;Lgr5creERT2/+;R26R-Confetti). Data are representative of two biologically independent experiments.

                          Source data
                        


Extended Data Fig. 2 Generation and validation of Il22ra1flox mice.
a, Schematic representation of the Il22ra1tm1a(EUCOMM)Wtsi allele in targeted ES cells. The position of PCR primers and Southern blot probes is indicated. b, Verification of construct integration into JM8.N4 ES cells by genomic PCR. DNA from untargeted ES cells (Bruce4) served as a control. c, Southern blot after BamHI digestion, confirming the correct integration of the construct, which introduced a novel BamHI recognition site into the genomic DNA. d, Germline transmission was assessed by genomic PCR in the F1 generation. e, LacZ reporter activity was assessed in F1 mice. f, Gene expression of the IL22RA1 binding partners in colonic epithelial cells of the indicated mouse strains was assessed by qRT–PCR (Il22+/+, n = 5; Il22−/−, n = 4; Il22ra1fl/fl;Vil1-cre, n = 4; Ahrfl/fl;Rorc(γt)-cre, n = 3; mean ± s.e.m.). g, Representative immunofluorescence of IL22RA1 (red) in colonic epithelial cells. Scale bars, 50 µm. h, i, Il22ra1fl/fl;Lgr5creERT2/+;R26R-Confetti or Il22ra1fl/+;Lgr5creERT2/+;R26R-Confetti mice were fed with a tamoxifen-containing diet for two weeks. h, Labelling efficiency of colon crypts at different time points after stopping the tamoxifen treatment (day 1: Il22ra1fl/fl, n = 8; Il22ra1fl/+, n = 10; day 7: Il22ra1fl/fl, n = 7; Il22ra1fl/+, n = 8; day 14: Il22ra1fl/fl, n = 7; Il22ra1fl/+, n = 7 visual fields; mean ± s.e.m.). i, Fraction of Confetti+ crypts (mean) with one, two or three colours. j, The indicated mouse strains were fed with tamoxifen-containing diets and subjected to AOM–DSS treatment as indicated. Body weight is shown as percentage of initial weight (Il22ra1fl/+, n = 6; Il22ra1fl/fl, n = 10; mean ± s.e.m.). Data in f–j are representative of two biologically independent experiments.

                          Source data
                        


Extended Data Fig. 3 IL22RA1 expression in tumours from Il22ra1fl/fl;Lgr5creERT2/+;R26R-Confetti mice.
a–d, Representative IL22RA1 immunofluorescence (violet) by Confetti-negative (a, c) and Confetti-positive (b, d) colon tumours from Il22ra1fl/+;Lgr5creERT2/+;R26R-Confetti (a, b) and Il22ra1fl/fl;Lgr5creERT2/+;R26R-Confetti (c, d) mice. e, MFI of IL22RA1 fluorescence across tumour area of the indicated mouse strains with and without prior Cre activation (n = 7, except Il22ra1fl/fl Confetti-negative, n = 8; mean ± s.e.m.).

                          Source data
                        


Extended Data Fig. 4 Identification of IL-22-producing lymphocytes.
a–c, Mice of the indicated genotypes or strains were injected with AOM or PBS (control). Twenty-four hours later, IL-22+ cells among the indicated lymphocyte subsets and absolute numbers of IL-22+ cells were determined. a, Colon of C57BL/6 mice (n = 6; mean ± s.e.m.; P = 0.0154). b, Small intestine of C57BL/6 mice (n = 6; mean ± s.e.m.). c, Colon of C57BL/6 mice (n = 2; mean ± s.e.m.). Data are representative of two biologically independent experiments.

                          Source data
                        


Extended Data Fig. 5 Initiation of the DDR is impaired in Il22−/− mice.
a–c, Il22+/+;Lgr5eGFP and Il22−/−;Lgr5eGFP mice (n = 3 each) were irradiated with 8 Gy (DNA damage) or left untreated (steady-state). LGR5(GFP)+ colon epithelial stem cells were highly purified and gene expression was analysed by RNA-seq. a, Sorting strategy for colonic LGR5+ stem cells. Stem cells were highly purified (>98%) for RNA-seq analysis. b, Modified Venn diagram. All expressed genes with fold change greater than 2 are represented. The bottom half of the diagram represents genes differentially expressed between Il22+/+ and Il22−/− mice at the steady state. ‘Core expression’ contains all genes with detectable transcripts that were not differentially expressed. The top half represents genes differentially expressed 24 h after irradiation in comparison to untreated mice. Of these, 596 genes differed in both genotypes, whereas 638 genes were only regulated in stem cells of Il22+/+ mice and 392 genes were regulated in stem cells of in Il22−/− mice. c, GSEA was performed on all expressed transcripts represented in LGR5+ colon stem cells from Il22+/+ (n = 3) and Il22−/− (n = 3) mice at the steady state. Nominal P value (Kolmogorov–Smirnov) was calculated for ‘Double strand break processing’ (P = 0.01). d, Mice were irradiated with 8 Gy. Expression of DDR effector genes p21 and Puma in colonic epithelial cells was determined by qRT–PCR at the indicated time points after irradiation (n = 3; mean ± s.e.m.). e, List of genes included in the GSEA gene set ‘DDR effector genes’4 (Fig. 2b). f, Mice were irradiated with 8 Gy. Gene expression of Il22bp (also known as Il22ra2) in lamina propria or colon epithelial cells was determined by qRT–PCR at the indicated time points (n = 3; mean ± s.e.m.). g, h, Expression of the indicated genes in colon epithelial cells was determined by qRT–PCR at steady state: MRN complex genes (g; Il22+/+, n = 7; Il22−/−, n = 6; mean ± s.e.m.); DDR transducer genes (h; Il22+/+, n = 10, except Atmin, n = 7 and Parp1, n = 5; Il22−/−, n = 7, except Atmin, n = 4 and Parp1, n = 5; mean ± s.e.m.).

                          Source data
                        


Extended Data Fig. 6 IL-22 regulates ATM expression and formation of γH2AX.
a, Immunoblot analysis of ATM from colon epithelial cells. Densitometric quantification of signal intensity normalized to loading controls (n = 3; mean ± s.e.m.; P = 0.004). b, Schematic representation of STAT3-binding sites in the Atm gene locus. c, STAT3 ChIP was performed to determine specific pulldown at the transcription factor-binding sites (start, mid, end) in the promoter regions of the Atm gene and at a control site within the Atm gene (cold). Genomic DNA from colon epithelial cells of Il22+/+ and Il22−/− mice before and after in vivo stimulation with recombinant IL-22. Results represent specific pulldown relative to a DNA input sample (start, n = 14; mid, n = 7; end, n = 12; cold, n = 8; mean ± s.e.m.). d, e, Mice of the indicated genotypes were irradiated with 8 Gy. d, Immunofluorescence analysis for γH2AX (red) and EpCam (blue) in the entire colon was performed 8 h after irradiation. Scale bars, 500 µm. e, Quantification (control, 4 h and 24 h, n = 2; 8h, n = 3; mean ± s.e.m.) of γH2AX+ nuclei per colon before and at the indicated time points after irradiation. f, Immunoblot analysis of H2AX protein and densitometric quantification of signal intensity (normalized to loading controls) in primary colon epithelial cells of Il22+/+ and Il22−/− mice (mean ± s.e.m.; n = 2). g, h, Mice were irradiated with 8 Gy or injected intraperitoneally with AOM. Immunofluorescence analysis of colon sections was performed 8 h after damage. Quantification (g; n = 3, mean ± s.e.m.) of γH2AX+EpCam+cells and representative immunofluorescence images (h) after γH2AX (red) and EpCam (blue) staining. Scale bars, 25 µm.
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Extended Data Fig. 7 Impairment of p53 activation and DDR effector genes in Il22−/− mice.
a–g, Mice were irradiated with 8 Gy or injected with AOM. a, b, Immunoblot analysis of the indicated proteins from primary colon epithelial cells 24 h after irradiation. Densitometric quantification of signal intensity (mean ± s.e.m.; n = 2). Phosphorylated (p)-p53 and actin, p-SMC and SMC, PUMA and actin, and p21 immunoblots were derived from one gel each. Band densities were normalized to loading (p-p53, PUMA) or sample-processing (p-SMC, SMC, p21) controls. c, d, Fold induction of p21 and Puma gene expression in colon epithelial cells 24 h after irradiation or AOM treatment was determined by qRT–PCR (AOM, n = 10; 8 Gy, n = 5; Stat3fl/fl, n = 4; Stat3fl/fl;Vil1-cre, n = 5; mean ± s.e.m.). e, Apoptosis (red, cCaspase-3) in LGR5+ (blue) colon stem cells (arrows). Representative immunofluorescence images 8 h after irradiation. f, g, Quantification of cCaspase-3+EpCam+ colonic epithelial cells 8 h after treatment with AOM or 8 Gy irradiation (f; n = 3; mean ± s.e.m.) and representative immunofluorescence images (g; cCaspase-3, red; EpCam, blue). Scale bars, 25 µm. Data are representative of two (d–g) or three (a–c) biologically independent experiments.
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Extended Data Fig. 8 Impairment of DDR-triggered apoptosis in Il22−/− mice.
a–c, Mice of the indicated genotypes were irradiated with 8 Gy and analysed 8 h later. a, Immunofluorescence for cCaspase-3 (red) and EpCam (blue). Scale bars, 50 µm. Quantification of cCaspase-3+ cells by histology (b; Il22+/+, n = 3; Il22−/−, n = 6; Il22ra1fl/fl;Vil1-cre, n = 3; Ahrfl/fl;Rorc(γt)-cre, n = 4, mean ± s.e.m.) or by flow cytometry (c; n = 3; mean ± s.e.m.; P = 0.003). d, IL-22 neutralizing antibody or control IgG was injected intraperitoneally 36 h and 12 h before, and 12 h after AOM application. Representative immunofluorescence images of the colon 24 h after AOM treatment, stained for LGR5 (blue) and cCaspase-3 (red; arrows indicate apoptotic stem cells). Right, quantification of cCaspase-3+ crypts (n = 3; mean ± s.e.m.; P = 0.0039). e, IL-22-responsive IEC6 cells were cultured with or without recombinant IL-22. Cells were irradiated with 2 Gy or left untreated and cultured in the presence of cytochalasin B. DNA was visualized with DAPI 48 h after irradiation and number of cells containing one or more micronuclei was counted (n = 4, mean ± s.e.m.). Representative images of untreated (ctrl) or irradiated (2 Gy) IEC6 cells. Arrow indicates a micronucleus. f, Mice of the indicated genotypes were irradiated with 8 Gy. Quantification of BrdU+ cells in colonic crypts (n = 3; mean ± s.e.m.). Data are representative of two biologically independent experiments.
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Extended Data Fig. 9 Dietary AhR ligands promote IL-22 production.
a, Wild-type mice were given 1-MIM-OH or carrier control (ctrl) by gavage. Quantification of DNA adducts at the indicated time points (control 4 h, n = 2; control 8 h, n = 4; control 24 h, n = 2; 1-MIM-OH 4 h, n = 4; 1-MIM-OH 8 h, n = 8; 1-MIM-OH 24 h, n = 6; mean ± s.e.m.). b, Schematic representation of the different treatment regimens. c–g, Mice of the indicated genotypes were exposed to 1-MIM-OH (c, f) or I3C (d, e, g) by gavage and analysed 8 h later. c, d, Representative flow cytometry analysis of IL-22 production by the indicated lymphocyte populations after gavage with 1-MIM-OH (c) or I3C (d). CD4+ T cells were defined as CD45+ lineage marker (Lin)+CD4+ cells, ILC3 as CD45+Lin−RORγt+ cells, and γδ T cells as CD45+Lin+γδTCR+ cells. Numbers indicate percentage of cells in gate. e, Representative flow cytometry analysis and quantification of IL-22 and IL-10 production by Lin+CD4+FOXP3+ Treg cells 8 h after gavage with I3C (control, n = 4; I3C, n = 4; mean ± s.e.m.). f, g, Expression of the IL-22 response gene Reg3g in primary colon epithelial cells was determined by qRT–PCR 8 h after gavage with 1-MIM-OH (f; Il22+/+ control, n = 5; Il22+/+ 1-MIM-OH, n = 4; Il22−/− control, n = 3; Il22−/− 1-MIM-OH, n = 6; mean ± s.e.m.) or I3C (g; n = 5; mean ± s.e.m.). h, Percentage of IL-22+ cells among the indicated lymphocyte subsets 8 h after 1-MIM-OH treatment of Ahr−/− mice (control, n = 3; 1-MIM-OH, n = 4; mean ± s.e.m.). i, Numbers of IL-22+ ILC3 cells at different time points after 1-MIM-OH gavage (control, n = 2; 1-MIM-OH, n = 4; 1-MIM-OH 24 h, n = 6; mean ± s.e.m.). Data are representative of two biologically independent experiments.
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Extended Data Fig. 10 Diet-derived AhR-ligands control IL-22 production.
a–d, Mice were fed for 6 weeks with either normal, grain-based chow (CD), EDD− or EDD+. a, Representative flow cytometry analysis of IL-22 production by the indicated lymphocyte populations. Numbers indicate percentage of cells in gate. b, Expression of the IL-22 responsive gene Reg3g in primary colon epithelial cells was determined by qRT–PCR (n = 5; mean ± s.e.m.). c, d, Representative colon immunofluorescence images 8 h after irradiation stained for γH2AX (red, c) or cCaspase-3 (red, d) and EpCam (blue). Scale bars, 50 µm. Data are representative of three biologically independent experiments. e, Model of IL-22-mediated protection of epithelial stem cells against genotoxic stress. Epithelial stem cells at the intestinal barrier are continuously exposed to a variety of insults. Among them are threats to genomic integrity represented by genotoxins contained in diets or produced by bacteria. Genome integrity in stem cells requires a functioning DDR pathway to limit damage to the genetic code in order to prevent malignant transformation. Our data implicate a homeostatic regulatory loop that assesses the degree of ‘genotoxic danger’ by AhR-mediated sensing of nutrient-derived genotoxins that serve as AhR ligands. AhR signalling in ILC3 and γδ T cells controls IL-22 production. IL-22 signalling in intestinal epithelial stem cells in turn controls components of the DDR. In particular ATM, a PI3-kinase-like molecule and an important upstream transducer of the DDR, was upregulated by IL-22 signalling in stem cells. Following genotoxic stress, ATM controls downstream events of the DDR such as p53 activation and expression of the DDR effector molecules p21 and PUMA, which control DNA repair and apoptosis, respectively. Disturbances of this pathway in mice genetically lacking IL-22, the IL-22 receptor or the AhR led to an impaired DDR to various forms of genotoxic stress. Consequently, intestinal epithelial stem cells from mice with impairment of IL-22 signalling or production accumulated cancer-promoting mutations and showed accelerated development of cancer.
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