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            Abstract
Chronic inflammation is accompanied by recurring cycles of tissue destruction and repair and is associated with an increased risk of cancer1,2,3. However, how such cycles affect the clonal composition of tissues, particularly in terms of cancer development, remains unknown. Here we show that in patients with ulcerative colitis, the inflamed intestine undergoes widespread remodelling by pervasive clones, many of which are positively selected by acquiring mutations that commonly involve the NFKBIZ, TRAF3IP2, ZC3H12A, PIGR and HNRNPF genes and are implicated in the downregulation of IL-17 and other pro-inflammatory signals. Mutational profiles vary substantially between colitis-associated cancer and non-dysplastic tissuesÂ in ulcerative colitis, which indicates that there are distinct mechanisms of positive selection in both tissues. In particular, mutations in NFKBIZ are highly prevalent in the epithelium of patients with ulcerative colitis but rarely found in both sporadic and colitis-associated cancer, indicating that NFKBIZ-mutant cells are selected against during colorectal carcinogenesis. In further support of this negative selection, we found that tumour formation was significantly attenuated in Nfkbiz-mutant mice and cell competition was compromised by disruption of NFKBIZ in human colorectal cancer cells. Our results highlight common and discrete mechanisms of clonal selection in inflammatory tissues, which reveal unexpected cancer vulnerabilities that could potentially be exploited for therapeutics in colorectal cancer.
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                    Fig. 1: Somatic mutations in single crypts.


Fig. 2: Driver genes and clonal expansion in the UC epithelium.


Fig. 3: Effect of driver mutations.


Fig. 4: Comparison of driver mutations between UC non-dysplasia and cancer.



                


                
                    
                
            

            
                Data availability

              
              All of the WES and RNA-seq data have been deposited in the European Genome-phenome Archive under accession numbers EGAS00001003801 and EGAS00001003802, respectively. Data for Figs. 1â€“4 and Extended Data Figs. 3â€“10 are available as Source Data. All other data are available from the corresponding author on reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Study design.
aâ€“c, Summary of sampling types, histology of samples, subjects and sequencing platforms for single crypts (a), bulk crypts (b) and colorectal cancers (c). COAD, TCGA Colon Adenocarcinoma data collection; READ, TCGA Rectum Adenocarcinoma data collection. d, Summary of independent clones as determined by PyClone analysis of bulk-crypt samples from patients with UC.


Extended Data Fig. 2 Sampling methods.
a, For preparation of epithelial samples, after treating intestinal mucosa with 20Â mM EDTA in PBS at 4â€‰Â°C for 20Â min, the epithelium was dissociated from the lamina propria. Then, a single crypt or epithelium (for bulk crypts) was collected. b, For geographical tracking of clones in a cluster of single crypts in colorectal mucosa from control individuals, acrylic adhesive was put on the mucosal surface, followed by a treatment with 20Â mM EDTA in PBS. After peeling off the epithelium upside down, single crypts that were attached to the adhesive were collected one by one under a stereomicroscope and their positions recorded (top). To isolate crypts from patients with UC, after colorectal mucosa was treated with 20Â mM EDTA in PBS, a gentle pressure was applied to the whole mucosal tissue from both sides to push up crypts, and each single crypt was isolated in a manner similar to that described above. c, For single-crypt sequencing, genomic DNA was extracted from single crypts by direct cell lysis and heat denaturation and split into two aliquots, each of which was subjected to WGA using Î¦29 DNA polymerase. One of the two WGA products was subjected to WES, and the other was stocked for validation.


Extended Data Fig. 3 Mutations detected in single crypts.
a, b, Representative histograms of the VAFs of somatic mutations detected by WES in single crypts from control individuals (10 out of 43; a) and patients with UC (10 out of 58; b). c, Frequency of driver mutations among single crypts from control individuals (nÂ =Â 43) and patients with UC (nÂ =Â 58). Genes with a significant difference in mutation frequency between non-UC and UC crypts are indicated by asterisks (two-sided Fisherâ€™s exact test with Benjaminiâ€“Hochberg adjustment; qÂ <Â 0.1). d, The landscape of driver mutations for single crypts (nÂ =Â 58) from non-dysplastic UC samples. The number of mutations in each single crypt is shown above, and the disease duration and age of subjects are shown below.

                          Source data
                        


Extended Data Fig. 4 Phylogenetic trees in the colorectal epithelium.
aâ€“d, Phylogenetic structure of single crypts clustered in an area of 0.25â€“4Â mm2 of epithelia from two control individuals (an 84-year-old man (CR40; a) and an 88-year-old woman (CR43; b)) and two patients with UC (a 56-year-old man (HCM28; c) and a 42-year-old woman (UC3; d)). Phylogenetic trees of clones (right or bottom) are projected onto the positions of crypts, as indicated in the images (left or top). The colours of the branches in the trees correspond to those of the circles for the positions of crypts. The estimated time of UC onset is indicated on the basis of the mutation rate in non-UC crypts (see Fig. 1a). The estimated age of the most-recent common ancestral crypt is also indicated for patients with UC (c, d). Branches that contain driver mutations are indicated. e, Histograms of the number of mutations (or height) of branch points in phylogenetic trees are plotted for control individuals (nÂ =Â 3, top) and patients with UC (nÂ =Â 3, bottom).

                          Source data
                        


Extended Data Fig. 5 Mutations detected in colorectal epithelium from control individuals and patients with UC.
a, MCF of mutations that were detected with WES in isolated bulk-crypt samples from non-UC (nÂ =Â 136) and UC (nÂ =Â 133) colorectal epithelia. Samples belonging to each subject are separated by blank columns. MCFs of driver mutations are indicated by coloured triangles, and disease state by colour, as shown at the top. The colon segment that was sampled, mutation status of driver genes, number of mutations, duration of UC and age of subjects are shown at the bottom. b, c, The average number of mutations (b) and average value of maximum MCFs (c) detected by WES of bulk-crypt samples within each individual is plotted against the duration of UC. Control individuals are plotted at zero on the xÂ axis. Regression lines with (b) or without (c) assuming zero intercept are shown with R2 values. The calculated PÂ value in c represents the significance of the correlation between the duration of UC and the average value of maximum MCFs (F test). d, e, The average number of mutations (d) and average value of maximum MCFs (e) of bulk-crypt samples from caecum to transverse colon (right side) and descending colon to rectum (left side) within the same individual is plotted for patients with UC (nÂ =Â 22). Two-sided paired t-test.

                          Source data
                        


Extended Data Fig. 6 Functional analysis of driver genes in UC mucosa.
a, Distribution of driver gene mutations in non-dysplastic UC samples (58 isolated single crypts and 399 bulk crypts, top) and CAC samples (nÂ =Â 99, bottom). Amino acid sequences of different species around hotspot mutations of HNRNPF are shown. Completely conserved amino acids across all species are indicated by asterisks. b, Expression levels of Nfkbiz in colon epithelial organoids (nÂ =Â 3 biological replicates) treated as indicated for 1 or 24Â h. Data are normalized by the levels of PBS (control) and shown as meanÂ Â±Â s.d. Asterisks indicate PÂ <Â 0.05 between the indicated treatment and treatment with PBS (two-sided Student's t-test). LTÎ±1Î²2, lymphotoxin Î±1/Î²2; ODN, CpG oligodeoxynucleotides; OSM, oncostatin M. c, Immunoblot analysis of HCT116 cells that express empty vector, Myc-tagged wild-type (WT) ZC3H12A or the indicated ZC3H12A mutants after stimulation with IL-1Î² for the indicated times, using anti-Myc and Î²-actin antibodies. d, Immunoblot analysis of ZC3H12A, Flag-tagged dominant-negative BTRC(Î”F) and Î²-actin in HeLa cells that express doxycycline-inducible BTRC(Î”F) after stimulation with IL-17A or IL-1Î² for the indicated times with or without doxycycline (Dox). Data are representative of two independent experiments. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Fig. 7 Clonal expansion in UC rectums.
a, Expansion of clones within the rectum from the remaining four out of the six analysed patients with UC (two are presented in Fig. 2d). All of the representations follow those in Fig. 2d. Driver mutations including those found in the two samples in Fig. 2d are summarized in Supplementary Table 9. b, Area occupied by each clone and total number of mutations estimated by PyClone for each clone detected in the UC rectums. Colours indicate the highest pathological grade within each clone. câ€“h, Phylogenetic trees of representative clones (6 out of 41) that were found in two or more rectum samples surgically obtained from six patients with UC. Imputed clonal structures are depicted in violin plots at the bottom, in which the estimated cellular prevalence of imputed mutational clusters (xÂ axis) are shown as the distribution of posterior probabilities (width of the violin plots) calculated according to a PyClone model. Colours correspond to those in the associated branches of trees. The estimated time of UC onset is indicated on the basis of the mutation rate in non-UC crypts (Fig. 1a). Branches that contain driver mutations are also indicated.

                          Source data
                        


Extended Data Fig. 8 Effect of Nfkbiz on clonal expansion in a mouse model of chronic DSS-induced colitis.
a, Experimental schedule for induction of colitis in R26LacZ/WTNfkbizWT/WTVil1-creER (control) and R26LacZ/WTNfkbizfl/flVil1-creER (Nfkbiz cKO) mice. Cre-mediated recombination was induced by administration of tamoxifen (TAM), followed by induction of colitis by treatment with DSS. b, e, Images of whole-mount X-gal staining of the large intestine from control (top) and Nfkbiz cKO (bottom) mice after tamoxifen administration without (b) or with (e) subsequent treatment with DSS. c, f, Fraction of LacZ-positive areas in the middle to distal colon before (c) or after (f) induction of colitis with DSS according to genotypes. Two-sided Mannâ€“Whitney U test. d, Density of LacZ-positive areas (number per cm2) having indicated sizes in control and Nfkbiz cKO mice before induction of colitis with DSS. g, Colon length (left) and histological score (right) after chronic DSS-induced colitis for the evaluation of severity of colitis. Two-sided Mannâ€“Whitney U test. h, Relative change in weight of Nfkbiz cKO and control mice during three courses of DSS-induced colitis. Data are shown as meanÂ Â±Â s.d. i, Significant enrichment of NFKBIZ target genes (left) and genes associated with the IL-17 signalling pathway (right) among the downregulated genes in rectum epithelium from Nfkbiz cKO mice compared with control mice four days after the start of treatment with DSS. Data were generated from nÂ =Â 3 biologically independent mice for both genotypes. Two-sided nominal PÂ values were calculated by GSEA.

                          Source data
                        


Extended Data Fig. 9 Mutational profiles and CNAs in control individuals and patients with UC.
a, Landscape of driver mutations in CAC samples (nÂ =Â 99) and dysplastic UC samples (nÂ =Â 13). Genes with asterisks are drivers in CACs (Methods). CNAs of known oncogenes are depicted only for the 34 CACs that were newly analysed in this study. b, Frequency of driver mutations among clones identified in non-dysplastic samples from patients with UC (nÂ =Â 183) versus sCRC samples from the Japanese cohort (nÂ =Â 525). Asterisks indicate qÂ <Â 0.1 (two-sided Fisherâ€™s exact test with Benjaminiâ€“Hochberg adjustment). c, Number (middle) and relative frequency (bottom) of mutations allocated to signatures A and B in samples of single crypts from control individuals (nÂ =Â 43) and non-dysplastic (nÂ =Â 241; 58 single crypts and 183 clones), dysplastic (nÂ =Â 13Â clones) and non-hypermutated CACÂ (n = 92 samples) from patients with UC. Information about disease state, pathology and sample type is indicated at the top. d, Comparison of the number of mutations detected by WES in clones identified in non-dysplastic samples, dysplastic samples and CAC samples without hypermutation from patients with UC. Two-sided Mannâ€“Whitney U test. e, Mutational signatures of colorectal epithelium from control individuals and patients with UC. f, Fraction of signature B mutations in single crypts from control individuals, and clones identified in non-dysplastic (ND), dysplastic (D) and non-hypermutated CAC samples containingÂ â‰¥Â 10 mutations from patients with UC. Two-sided Mannâ€“Whitney U test. g, Box plots of the fractions of genomic regions that contain CNAs in clones identified in non-dysplastic (nÂ =Â 183), dysplastic (nÂ =Â 13) and CAC (nÂ =Â 34) samples from patients with UC. Two-sided Mannâ€“Whitney U test. h, Bottom, colour-gradient maps of CNAs and UPDs as detected by WES data are shown for clones identified in non-dysplastic (nÂ =Â 183), dysplastic (nÂ =Â 13) and CAC (nÂ =Â 34) samples from patients with UC. Top, pathological grade, fractions of genomes that exhibit CNAs and UPDs and TP53 mutation status are also shown. Box plots as in Fig. 4.

                          Source data
                        


Extended Data Fig. 10 Effect of NFKBIZ knockout in CRC cell lines and an AOMâ€“DSS-induced colorectal tumour model.
a, Experimental strategy for enrichment analysis using CRISPRâ€“Cas9 (Methods). MOI, multiplicity of infection. b, Experimental schedule for induction of CAC in Nfkbizfl/flVil1-cre (Nfkbiz cKO) and Nfkbizfl/fl (control) mice using AOM followed by three cycles of DSS. c, Box plots of tumour numbers relative to tumour size (maximumÂ diameter). Two-sided Mannâ€“Whitney U test. d, Colon length (left) and histological score (right) for the evaluation of inflammation in the AOMâ€“DSS-induced tumour model. No significant difference was observed between Nfkbiz cKO and control mice (two-sided Mannâ€“Whitney U test). e, Relative change in weight of mice during three courses of treatment with DSS in the AOMâ€“DSS-induced tumour model. Data are shown as meanÂ Â±Â s.d. f, Histological images of haematoxylin and eosin (H&E) staining (left), and immunohistochemistry for Î²-catenin (middle) and Ki-67 (right). Tumours in Nfkbiz cKO and control mice were indistinguishable in terms of histology and immunochemistry. Representative images are shown from nÂ =Â 3 biologically independent samples for both genotypes. Box plots as in Fig. 4.

                          Source data
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