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normal ASCs of the organs we assessed. Cell-intrinsic mutational 
processes, such as deamination-induced mutagenesis in rapidly 
cycling ASCs, seem to be more important determinants of point- 
mutation load. Indeed, many colorectal cancer mutations in the driver 
genes APC, TP53, SMAD4 and CTNNB1 are C:G to T:A transitions 
at CpG dinucleotides, whereas liver cancer driver mutations in the 
same genes have a completely different spectrum (Fig. 4a). However, 
ASCs of the colon and small intestine show very similar age-related 
mutation characteristics, although cancer incidence is extremely 
low in the human small intestine1,9. In addition to somatic point 
mutations, we evaluated the presence of somatic structural variants 
(Fig. 4b–e and Extended Data Table 2). We detected small deletions 
(91–443 kb) in 3 out of 14 small intestinal ASCs and a larger deletion 
(2 Mb) in one ASC. Notably, colon ASCs showed complex and larger 
chromosomal instability in 4 out of 15 colon ASCs, including a com-
plex translocation (Fig. 4d) and a trisomy (Fig. 4e). These events are 
characteristic of segregation errors that can occur during cell division, 
and are a hallmark of many colorectal cancers26. In addition, other 
factors, such as tissue clonality or external agents may also contrib-
ute to the difference in cancer incidence between colon and small  
intestine.

Here we have shown that ASCs of organs with different cancer inci-
dences gradually accumulate mutations at similar rates, but that the 

mutation profiles are tissue-specific. In the ASCs of the tissues assessed 
here, mutation accumulation is primarily driven by a combination of 
proliferation-dependent mutation incorporation following spontane-
ous deamination of methylated cytosine residues and another process 
with a currently unknown underlying molecular mechanism. Notably, 
the former intrinsic, unavoidable mutational process can cause the 
same types of mutation as those observed in cancer driver genes. We 
have shown that, at least in colon ASCs, this class of mutations could 
have a role in driving tumorigenesis.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 4 | Cancer-associated mutation spectra in driver genes and 
structural variation in normal ASCs. a, Spectrum of point mutations 
in cancer driver genes APC, TP53, SMAD4 and CTNNB1 identified in 
colorectal and liver cancer. The total number of somatic point mutations 
per gene per cancer type is indicated. b, Read-depth analysis indicating 
a relatively small deletion (~90 kb) located within a common fragile site 
(FRA2I) in intestinal ASC 11-a. Each point represents the log2 value of the 
GC-corrected read-depth ratio per 5-kb window. Dashed lines indicate 
breakpoint regions; a schematic representation of the identified structural 
variant with associated genomic and breakpoint features is depicted below. 

c, Two large (>1 Mb) tandem duplications identified in liver ASC 14-a 
with microhomology at the breakpoints; duplications are indicated in the 
schematic representation of the identified structural variants below the 
graph. d, A complex structural variation (an unbalanced translocation 
involving 3 chromosomes) identified in colon ASCs 4-b and 4-e. Coloured 
lines in the schematic below show the predicted derivative chromosomes. 
e, Read-depth analysis indicating a trisomy of chromosome 13 in colon 
ASC 3-c. Each data point represents the median chromosome copy 
number per 500-kb bin plotted over the genome, with alternating colours 
for each successive chromosome.
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