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are observed in many cancer types of epithelial origin with high cell 
turnover13. This process showed a minimal contribution to the 
age-related mutational load in liver ASCs (Fig. 2c), which is likely to 
reflect the relatively low division rate of these cells during life. Finally, 
contribution of a third signature, signature C (corresponding to  
signature 18 in ref. 11), was minimal in all tissues and did not corre-
late with age (Fig. 2b). Sequential clonal ASC expansions in culture 
followed by WGS analysis showed that in vitro-induced mutations are 
predominantly characterized by this signature (Extended Data Fig. 6 
and Methods).

Signature B mutations were strongly associated with the timing 
of replication and predominantly present in late-replicating DNA 
(Extended Data Fig. 7) even though the majority of CpG dinucle-
otides are located in early-replicating DNA. This bias suggests that 
this mutagenic process is more active in late-replicating DNA or, 
alternatively, that replication-coupled repair shows reduced activ-
ity in late-replicating DNA14. Consequently, somatic mutations 
in small intestine and colon ASCs were strongly enriched in late- 
replicating DNA and depleted in early-replicating DNA (Fig. 3a, b). In 
addition, somatic point mutations in small intestine and colon ASCs 
were depleted in H3K27ac (histone H3 acetyl Lys27)-associated DNA 
and enriched in H3K9me3 (histone H3 trimethyl Lys9)-associated 
DNA (Fig. 3a), similar to patterns previously observed in cancer15. 
As genic regions are predominantly located in early-replicating DNA 
and open chromatin, we observed a depletion of mutations in exonic 
sequences (Fig. 3a). This demonstrates that genome-wide mutation 
rates and spectra cannot be reliably estimated using mutation dis-
covery in reporter genes16, such as the T-lymphocyte HPRT cloning 
assay17, or by deep sequencing of genic regions18–21. To test whether 
the depletion of coding mutations was caused by selection against 
cells with damaging mutations, we calculated the ratio of non- 
synonymous to synonymous mutations (dN/dS) taking into account 
the mutation spectra and sequence composition (see Methods)18. We 
did not observe negative selection for non-synonymous mutations 

(Extended Data Fig. 7f), arguing against the negative selection of cells 
with damaging protein-coding mutations.

In liver ASCs, somatic mutations are more randomly distributed 
throughout the genome and are less associated with replication timing 
or chromatin status (Fig. 3a). Nevertheless, a comparable depletion of 
exonic mutations was observed in all tissues (Fig. 3a), suggesting that 
liver ASCs use different mechanisms to maintain genetic integrity in 
functionally relevant regions. Signature A, the most predominant in 
liver ASCs, shows little bias towards DNA-replication-timing dynamics, 
but a pronounced transcriptional-strand bias11 (Extended Data Fig. 7), 
consistent with activity of transcription-coupled repair22. In line with 
this, point mutations in the genic regions of the assessed ASCs showed 
a significant transcriptional strand bias, exemplified by the more fre-
quent occurrence of T:A to C:G transitions on the transcribed strand 
compared to the untranscribed strand (Fig. 3c).

Our results indicate that a stable balance between the degree of DNA 
damage and the subsequent repair is maintained throughout life in 
various ASC types, since mutations accumulate steadily and display 
a constant mutation spectrum. Earlier work in mice using mutation- 
discovery in a LacZ reporter gene, showed major age-related changes 
in mutation spectra in different tissues23. The difference between these 
observations could be explained by the comprehensive genome-wide 
analysis applied here to ASCs, whereas reporter assays assess specific 
genes predominantly in differentiated cells. Although variation in tissue- 
specific mutation spectra in mice has been reported previously23–25, we 
observed a difference in both mutation rate and spectrum in human 
cells (Extended Data Fig. 8). This indicates that mutation data derived 
from mice are not necessarily suitable for interpreting mutational pro-
cesses and their consequences in humans.

Although we analysed cells from many different donors without 
controlling for lifestyle differences or gender, the point-mutation rate 
and spectrum were highly similar between individuals within organs. 
This suggests that incidental exposure to environmental mutagenic 
factors has minimal effect on the point-mutation landscapes in 
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Figure 3 | Non-random genomic distribution of somatic point 
mutations in ASCs. a, Enrichment and depletion of somatic point 
mutations in the indicated genomic regions for each tissue. The log2 
ratio of the number of observed and expected point mutations indicates 
the effect size of the enrichment or depletion in each region. *P < 0.05, 

one-sided binomial test. b, Distribution of DNA replication timing for all 
genomic positions and the somatic point mutations detected in human 
ASCs per tissue. c, Relative contribution of each point-mutation type on 
the transcribed and untranscribed strand for each tissue. *P < 0.05, two-
sided Poisson test.
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