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            Abstract
The colorectal adenoma–carcinoma sequence has provided a paradigmatic framework for understanding the successive somatic genetic changes and consequent clonal expansions that lead to cancer1. However, our understanding of the earliest phases of colorectal neoplastic changes—which may occur in morphologically normal tissue—is comparatively limited, as for most cancer types. Here we use whole-genome sequencing to analyse hundreds of normal crypts from 42 individuals. Signatures of multiple mutational processes were revealed; some of these were ubiquitous and continuous, whereas others were only found in some individuals, in some crypts or during certain periods of life. Probable driver mutations were present in around 1% of normal colorectal crypts in middle-aged individuals, indicating that adenomas and carcinomas are rare outcomes of a pervasive process of neoplastic change across morphologically normal colorectal epithelium. Colorectal cancers exhibit substantially increased mutational burdens relative to normal cells. Sequencing normal colorectal cells provides quantitative insights into the genomic and clonal evolution of cancer.
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                    Fig. 1: Mutational signatures that are present in normal colon.[image: ]


Fig. 2: Mutational burden versus age for every signature.[image: ]


Fig. 3: Crypt phylogenies.[image: ]


Fig. 4: An inactivating mutation in AXIN2.[image: ]
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                Data availability

              
              Whole-genome and targeted sequencing data are deposited in the European Genome-phenome Archive (EGA) with accession codes EGAD00001004192 and EGAD00001004193. Images of microdissections and the physical distances between crypts are available on Mendeley Data (https://data.mendeley.com/datasets/zv6xrjxftw/1) by searching for the title of this article. All other data are available from the authors on request.

            

Code availability

              
              Code for statistical analyses is provided as part of the Supplementary Information. Custom R scripts and their input data for signature analysis are available on GitHub at https://github.com/HLee-Six/colon_microbiopsies. All other code is available from the authors on request.
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Extended data figures and tables

Extended Data Fig. 1 Laser-capture microdissection of crypts.
a, Representative image of a section of colonic tissue. The magnified inset shows the section before and after dissection of a crypt. b, c, Coverage of crypts that underwent whole-genome (b) and targeted (c) sequencing. d, e, VAFs (that is, is half of the clonal fraction) for crypts that underwent whole-genome (d) and targeted (e) sequencing. f, g, Substitutions (f) and indels (g) that were removed by filtering steps and their mutational spectra, arranged as in Fig. 1.


Extended Data Fig. 2 Results of HDP-based extraction of signatures.
Results of signature extraction using an HDP with pre-conditioning on signatures that are known to be active in colorectal cancer. For each signature, the extracted signature and the profile of a sample to which that signature contributes strongly are shown. Signatures are presented as in Fig. 2. The extraction of signatures using an HDP was followed by deconvolution by expectation maximization (Methods, Extended Data Fig. 3) to produce the versions of signatures that are presented in the main text.


Extended Data Fig. 3 Decomposition of HDP signatures by expectation maximization.
Three signatures were decomposed (SBS1, DBSA and IDC). For each example, the original HDP version is shown on the top left, the PCAWG signatures that are deemed to contribute at least 10% of mutations to it on the right and the reconstituted signature that was built by combining the PCAWG signatures on the bottom left. The cosine similarity of the reconstituted signature to the original is shown.


Extended Data Fig. 4 Validation of SBS signatures.
a–c, Other methods of signature extraction were run to test the robustness of signature decomposition. a, HDP without pre-conditioning on PCAWG. b, In-house NMF without pre-conditioning on PCAWG. c, NMF implemented by the MutationalPatterns package in R (Methods).


Extended Data Fig. 5 Linear modelling of the accumulation of signatures.
For signatures that appeared to show a linear accumulation with age, the mutation rate per site was determined using mixed models, in which age and site were used as fixed effects and individual as a random effect. Confidence intervals were determined by bootstrapping. n = 445 crypts from 42 individuals. Solid lines represent the mean slope of the regression and shaded areas its 95% confidence intervals (CI95).


Extended Data Fig. 6 Crypt phylogenies.
a–ap, For each individual, the phylogeny of crypts is shown three times: at the top, with branch lengths proportional to the number of SBSs; in the middle, with branch lengths proportional to the number of DBSs; and on the bottom, with branch lengths proportional to the number of small indels. Scale bars are shown on the right. A stacked bar plot of the mutational signatures that contribute to each branch is overlaid over every branch. ‘X0’ indicates mutations that could not confidently be assigned to any signature. Note that the ordering of signatures along a given branch is just for visualization purposes; we cannot distinguish the timing of different signatures along a branch. aq, The cumulative burden of SBSA (top) and SBSB (bottom) is plotted relative to the cumulative burden of SBS1 to time these mutational processes throughout life. Informative clades are shown (from patients labelled as in the rest of the figure), with every node and tip of the clade plotted in the space of the cumulative number of mutations that are due to a given signature that have occurred up until that node in the tree. Lines represent the branching structure of the tree.


Extended Data Fig. 7 Copy-number changes and structural variants in normal colon.
a–d, A total of 449 crypts had sufficient coverage to be evaluated. a, Whole-chromosome amplifications in five crypts. The copy-number state (y axis) for each chromosome is shown, with one allele coloured red and the other green. Chromosomes are labelled along the top of the graph. b, Timing of copy-number changes throughout life. Vertical bars represent 95% confidence intervals, which were determined by bootstrapping. Horizontal bars represent the most likely time of the copy-number change, as defined by mutationTimeR (see Supplementary Information). c, Crypts with loss of heterozygosity (LOH). For each chromosome with a LOH event, the copy number across the whole chromosome is shown at the top, with the total copy number in black and the copy number for the minor allele in blue. The images at the bottom show example SNPs that support the LOH. In each case, reads from the crypt in question are shown above, and reads from its matched normal below. Thus, in the first image, the wild-type state (below) is heterozygous for a T SNP (red), whereas in the crypt in question (above), this polymorphism has now become homozygous. Small deviations from a fully homozygous state are probably a result of stromal contamination. d, Reads supporting structural variants in normal colon. Patients are labelled as in Extended Data Fig. 6.


Extended Data Fig. 8 Gain-of-function driver mutations in normal colon.
Putative driver missense mutations in oncogene hotspots. The number of substitutions catalogued in COSMIC53 is shown on the y axis at each position along the gene, with the mutations that were observed in our cohort indicated with arrows.


Extended Data Fig. 9 Occurrence matrix of signatures and driver mutations in crypts.
For all crypts that were whole-genome sequenced to sufficient depth, and for crypts that underwent targeted sequencing and in which driver mutations were found, the signatures and driver mutations are shown. Each vertical column represents a crypt. The individual to whom each crypt belongs is indicated by the alternating colours in the top bar (labelling as in Extended Data Fig. 6). The site to which each crypt belongs is shown underneath. The matrix is coloured by the contribution of each signature to each crypt, normalized for each signature: the crypt with the largest contribution of a given signature is purple and the crypt with the smallest contribution is white. Crypts in which the signatures could not be assessed, either because they underwent targeted sequencing or because the coverage was poor, are grey. Driver mutations, including heterozygous mutations in tumour suppressor genes, are indicated by a black bar.


Extended Data Fig. 10 Stem cell dynamics of normal colon.
a, Number of stem cells and replacement rate of stem cells in normal human colonic crypts, as estimated by approximate Bayesian computation. Each point represents a simulation. Points are coloured according to their similarity to the observed data: the most similar 0.1% are coloured dark red, and so on, until the least similar simulations are blue. b, Approximate Bayesian computation of the rate of crypt fission (fissions per crypt per year) in the human colon. The prior distribution of the crypt fission rate (which was used to simulate many biopsies of the colon) is shown above, and the posterior distribution of the crypt fission rate (estimated by neural network regression on the simulations) is shown below. c, d, Evidence of crypt fusion in human colon. In each case, a phylogeny is shown at the top that depicts the genetic relationships between selected crypts. Dashed blue lines show mutations with a low allele fraction that are shared between crypts in a manner incompatible with the phylogeny dictated by the clonal mutations. Below each crypt in the phylogeny is an image that depicts its position in the section. Sections are labelled according to their z-stacked order. The allele fractions of mutations on each branch of the phylogeny in each crypt are shown at the bottom. The trinucleotide context of the mutations that occurred on each branch is shown on the right. See also Supplementary Information.


Extended Data Fig. 11 Comparison of the mutational signatures and driver landscape of normal crypts and colorectal adenocarcinomas.
a, Comparison of the burden of mutations for every mutational signature. For each signature, the y axis shows the mutational burden + 1 of every sample on a logarithmic scale. Normal colon and cancer samples are ordered within their groups. The signature attributions and mutational burden for colorectal adenocarcinoma are from a previous study2. A total of 60 cancers are compared with 472 normal crypts. b, The proportion of driver mutations in each gene in normal colon (left) and colorectal cancer (right). The frequency of driver mutations in cancer was derived using data from TCGA research network43 (Supplementary Methods).
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