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Supplementary Note 1. Theoretical considerations on ageing 
 

Here we provide some theoretical considerations on the evolution of ageing and the multifactorial 

nature of ageing that can help interpret and contextualise our findings. 

 

Evolutionary and mechanistic theories of ageing 

 

Multiple forms of molecular damage accumulate in cells over time and have been proposed to 

contribute to ageing. They include somatic mutations, telomere attrition, epigenetic drift and loss 

of proteostasis, among others1. The rates of accumulation of molecular damage cannot be 

uncontrolled, or else they could compromise survival and reproduction. This has led to the 

evolution of multiple repair mechanisms against different forms of damage. However, as we 

explain below, two main evolutionary factors limit the extent to which repair mechanisms can 

evolve to reduce the rates of molecular and tissue damage, and thereby to increase lifespan: weak 

selection and evolutionary trade-offs2–6. 

 

The first factor limiting the evolution of repair mechanisms is weak selection for longer lifespans 

than typical in the wild. Building on ideas from Fisher and Haldane, in 1952 Medawar explained 

how selection is unable to remove germline mutations from a population if their deleterious effects 

manifest after the vast majority of individuals have already died (a concept known as the “selection 

shadow”). Medawar’s “mutation accumulation” theory of ageing (referring to germline mutations) 

thus proposed that ageing could result from the accumulation in a species of deleterious germline 

mutations whose effects manifest late in life2. External causes of death such as predation, infection 

or starvation determine the average lifespan of individuals of any species in the wild. Selection will 

favour adaptations that reduce premature death from intrinsic causes in the wild (e.g. cancer or 

ageing), such as reductions in the rates of molecular damage accumulation, but these adaptations 

can only reach fixation in a population (overcoming the genetic drift barrier7) if enough individuals 

benefit from them. As a result, selection for improved repair mechanisms is ineffective in delaying 

ageing too far beyond the typical lifespan of a species in the wild. This argument predicts that 

species with a lower extrinsic mortality (i.e. longer average lifespan in the wild) will evolve better 

molecular repair mechanisms and longer maximum lifespans. As a result of selection acting on the 

rates of repair, the rates of accumulation of molecular damage are expected to vary widely across 

species and result in an inverse relationship with lifespan (i.e. a similar burden of damage at the 

end of lifespan), as we report for somatic mutation rates in the present study. 
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A second evolutionary limit is that, in maximising reproductive success, evolution can favour 

adaptations that increase reproduction at the cost of a shorter lifespan (Williams’s “antagonistic 

pleiotropy” theory of ageing3). An example of this argument is the “disposable soma” theory of 

ageing, which proposes that there is a trade-off between energy investment in repair and 

reproduction8,9. Together, genetic drift and evolutionary trade-offs predict that organisms in the 

wild will tend to die young from extrinsic causes, while organisms in protected environments (with 

limited extrinsic mortality) will live considerably longer but tend to succumb to ageing and age-

related diseases, as a result of the accumulation of molecular and tissue damage to which the species 

has not evolved effective response strategies. 

 

Multifactorial nature of ageing 

 

The evolutionary limits to the evolution of repair mechanisms apply similarly to any form of 

molecular or tissue damage that accumulates with age and that could lead to premature death if its 

rate were uncontrolled. Indeed, similar anticorrelations with lifespan have been reported for other 

forms of damage, such as telomere shortening rates10 and loss of protein stability11. As noted by 

Maynard Smith in 19625, a consequence of selection acting on the rates of somatic damage is that 

the phenotypic manifestations of different forms of damage can appear semi-synchronously late in 

life, even if they occur independently. This predicts that ageing is likely to be multifactorial, with 

the consequences of multiple forms of molecular and tissue damage expected to manifest late in 

life. Furthermore, different forms of molecular and tissue damage are likely to synergise, causing 

a faster functional decline than they would achieve independently. 

 

These evolutionary considerations imply that ageing is likely multifactorial, in line with the current 

mechanistic understanding of ageing5, with multiple forms of molecular damage being likely 

responsible for different ageing phenotypes. In this context, the question of whether somatic 

mutations cause ageing could be misleadingly simplistic. A more appropriate question may be to 

what extent, if any, and through which precise mechanisms somatic mutations contribute to 

different age-related diseases or phenotypes. 

 

Deleterious mutations versus selfish mutant clones in ageing tissues 

 

Discussions on the role of somatic mutations in ageing often assume that somatic mutations are 

deleterious to the carrying cell, contributing to ageing by causing loss of cellular fitness or cell 

death12,13. The earliest models of ageing by somatic mutation also assumed that the rate of somatic 
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mutation accelerates with age, as somatic mutations accumulate and erode DNA repair pathways12. 

Recent sequencing studies of human tissues have largely ruled out these models. First, data across 

tissues suggest that the increase of somatic mutations with age is approximately linear, meaning 

that the somatic mutation rate is roughly constant across life14,15. Second, mutation rates in most 

human tissues are on the order of 15–45 mutations per diploid genome per year, which appears 

much lower than would be required to cause biallelic inactivation of important genes in a relevant 

fraction of cells in elderly individuals14–16. Third, dN/dS analyses of selection acting on somatic 

mutations in cancer genomes and normal tissues have revealed that even mutations affecting 

protein-coding genes (including missense and nonsense mutations) appear to be tolerated by 

somatic cells, with dN/dS ratios ~1 implying that the vast majority of coding mutations do not 

cause somatic cell death or impaired proliferation17,18. Fourth, somatic mutation studies of 

individuals with hypermutator phenotypes (e.g. POLE/POLD1 or MUTYH mutations) have 

revealed that somatic cells can tolerate large increases in somatic mutation rates19,20. Given these 

considerations, it appears increasingly unlikely that somatic mutations could contribute 

significantly to ageing by directly causing cell death or impaired proliferation. 

 

An alternative model of how somatic mutations could contribute to ageing is through positive 

selection on certain mutations causing clonal expansions of phenotypically aberrant cells. This 

possibility was discussed by some early authors5,21–23, but has acquired particular significance in 

the last few years, in light of the widespread evidence of colonisation of some somatic tissues by 

clones carrying positively-selected (driver) mutations24–27. This phenomenon has been observed in 

tissues such as blood24,28, skin25, oesophagus26, endometrium29, lung30 and bladder31, with a 

considerable fraction of all cells in these tissues carrying a positively-selected somatic mutation, 

often in known cancer genes. The clinical relevance of these clones for diseases other than cancer 

remains largely unstudied, but since somatic selection operates at the level of cells rather than 

tissues or organisms, it is likely that selfishly selected clones are more often deleterious than 

beneficial to the organism. 

 

Positively-selected somatic mutations in stem cells would naturally favour proliferation over 

differentiation32 and could lead to biased cell fates, resulting in cell type imbalances33. Selection 

for increased proliferation in tissues maintained by self-duplication of differentiated cells could 

favour de-differentiation, loss of functional specialisation and reduced production of key protein 

products. For example, selection of certain driver mutations in haematopoietic stem cells can lead 

to mutant clones colonising the haematopoietic system, a common phenomenon in old age known 

as “clonal haematopoiesis”. Some of these mutations alter differentiation trajectories and lead to 
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cell type imbalances33. Clonal haematopoiesis has also been associated with the risk of cancer and 

cardiovascular disease24. Positively selected somatic mutations in key metabolic pathways have 

been reported in the context of chronic liver disease, with mutations causing insulin resistance or 

altered lipid metabolism benefiting the mutant cells, probably at a cost to the organism34. Somatic 

driver mutations have also been reported to contribute to the rapid growth of some cavernomas in 

the brain, leading to seizures and strokes35. 

 

In summary, while somatic point mutations appear unlikely to significantly contribute to ageing 

through direct deleterious effects on the mutant cells, positive selection of selfish mutant clones 

offers a plausible mechanism by which somatic mutation could contribute to ageing. Such a 

mechanism might also operate through somatically heritable epigenetic changes. 

 

The hypermutator paradox 

 

Two recent studies have measured somatic mutation rates in individuals with familial cancer 

predisposition syndromes caused by germline mutations in the DNA polymerases Pol ε or Pol δ 

(POLE/POLD1) or in the base excision repair DNA glycosylase MUTYH19,20. These syndromes 

are associated with a marked increase in the risk of colorectal and endometrial cancer. Measurement 

of somatic mutation rates in normal colon and endometrium in these patients revealed point 

mutation rates several-fold higher than those of unaffected individuals. Intriguingly, these increases 

were not associated with overt evidence of accelerated ageing in these patients19,20.  

 

These results largely rule out a simple somatic mutation model of ageing, whereby the mutation 

burden is solely responsible for all the varied manifestations of ageing. However, these findings 

need to be interpreted with caution and do not rule out a possible contribution of somatic mutations 

to ageing. Although genome-wide somatic mutation rates were several-fold higher in the colonic 

and endometrial epithelium in these donors, the increase in mutation rates in protein-coding regions 

of the genome in less mitotic tissues appeared to be more modest (<2 fold). The cohorts of 

individuals with these cancer predisposition syndromes are also small and not sufficiently 

characterised to rule out modest increases of some age-related diseases. In addition, the theoretical 

considerations above may also help explain this paradox. First, as discussed above, ageing is likely 

to be multifactorial. Increasing the rate of a single form of damage, such as somatic mutations, is 

not expected to accelerate ageing linearly or impact all ageing phenotypes. An increase in mutation 

rates may have little or no impact on age-related phenotypes largely caused by other forms of 

damage, or on phenotypes that result from the interaction of somatic mutations and other forms of 
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damage. The multifactorial nature of ageing can also help explain why experimental shortening of 

telomeres or increases in mitochondrial mutation rates do not result in a linear acceleration of all 

or most ageing phenotypes36–38. Second, the possibility that somatic mutations may contribute to 

organismal ageing via clonal expansions can introduce considerable non-linearity in the 

consequences of increasing somatic mutation rates. For example, doubling the somatic mutation 

rate in haematopoietic stem cells may double the rate of occurrence of driver mutations, but their 

phenotypic manifestations will be delayed by the need for these clones to grow to a clinically 

relevant size, a process that can take decades in humans39. 

 

Overall, the observation that individuals with germline POLE, POLD1 or MUTYH mutations have 

increased somatic mutation rates without an overt accelerated ageing syndrome presents a paradox 

that deserves careful investigation, but it does not rule out a possible role for somatic mutations in 

ageing. Sequencing studies on individuals carrying DNA repair defects causing progeroid 

syndromes could help shed additional light on this question. Further, detailed studies of the extent 

and impact of somatic mutations in individual age-related diseases and phenotypes would be 

required to obtain a more mechanistic and definitive understanding of the possible links between 

somatic mutations and ageing. 

 

Altogether, the observation of a strong scaling of somatic mutation rates and lifespan across 16 

mammalian species, despite variable contributions of different mutational processes across species, 

is consistent with somatic mutation rates being evolutionary constrained, and with somatic 

mutations contributing to some extent to organismal ageing. This interpretation is further supported 

by studies reporting improved DNA repair and genome maintenance in longer-lived species40–43. 

However, alternative interpretations for the inverse relationship between somatic mutation rates 

and lifespan may be possible. 
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Supplementary Note 2. Cancer risk modulation in the Armitage–Doll model 

 

In the early 1950s, analysing human cancer mortality data across cancer types, several authors 

observed that cancer incidence increases approximately geometrically with age to the power of six. 

Armitage and Doll44, building on the ideas of Nordling45, proposed that such observation was 

consistent with a model in which a normal cell needs to acquire 7 driver mutations to transform 

into a cancer cell. Under this simple model, assuming that somatic mutations occur approximately 

linearly with age (as it has now been confirmed across multiple tissues) and that the occurrence of 

each mutation is a relatively rare event, the incidence of cancer at age t is proportional to the 

probability of each mutation per unit of time and the sixth power of the age: 

 

cancer	rate	 = 	𝑘	𝑝+	𝑝,	𝑝-	𝑝.	𝑝/	𝑝0	𝑝1	𝑡0, 

 

k being a constant term. This model can be expressed as a function of the somatic mutation rate per 

base pair, assuming that the probability of each driver mutation is proportional to the somatic 

mutation rate per base pair, u, and the target size and mutability of each driver gene, a:  

 

cancer	rate	 = 	𝑘	𝑎+𝑢	𝑎,𝑢	𝑎-𝑢	𝑎.𝑢	𝑎/𝑢	𝑎0𝑢	𝑎1𝑢	𝑡0. 

 

The model can be generalised by assuming a requirement of n driver mutations, with k' being a 

different constant term including the product of the a terms: 

 

cancer	rate	 = 	𝑘′	𝑢8	𝑡89+. 

 

The Armitage and Doll model, often referred to as the multistage model of carcinogenesis, is 

simplistic in many ways, but remains an influential model and a useful and simple tool to discuss 

the ability to modify cancer risk by changes in either the somatic mutation rate or the number of 

driver mutations required to transform a normal cell into a cancer cell.  

 

Using this model, we can compare the effect on the cancer rate of reducing the mutation rate per 

year by a factor d. Under the model above, the fold change in cancer rate is given by 

 

𝑘′	 :𝑢𝑑<
8
𝑡89+

𝑘′	𝑢8𝑡89+ =
𝑢8
𝑑8
𝑢8 =

1
𝑑8	. 
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Therefore, reducing the mutation rate per year by a factor of d causes the cancer rate to decrease 

by a factor of dn. For instance, with n = 6 drivers for colorectal cancer44, we obtain that halving the 

mutation rate (d = 2) reduces the cancer risk by a factor of 26 = 64, independently of age. 

 

In contrast, increasing the required number of driver mutations from n to n + m leads to the 

following fold change in the cancer rate: 

 

𝑘′	𝑎8>+	. . . 𝑎8>?	𝑢8>?𝑡8>?9+

𝑘′	𝑢8𝑡89+ = 𝑎8>+	. . . 𝑎8>?	(𝑢𝑡)?. 

 

For example, a species could add an additional barrier to tumour formation by duplicating a tumour 

suppressor gene whose mutation is essential for cancer development or by strengthening existing 

tumour suppression mechanisms. Using the mean ELB across species, normalised by genome size, 

leads to an approximate mutation burden per bp at the end of lifespan of ut ~ 10–6 mutations per 

diploid bp. If we assume that a new tumour suppressor gene has a = 100 sites where a protein-

truncating mutation can occur, the addition of this single additional cancer gene can in theory 

reduce cancer risk by a factor of ~104. This reduction could be larger if the new gene has a smaller 

target size (e.g. oncogenes) or requires two hits for inactivation, as is common in many tumour 

suppressor genes. On the other hand, tumours can evolve through mutation of different pathways, 

and duplication of an important tumour suppressor gene is likely to suppress just some of the routes 

by which normal cells can transform into cancers, likely achieving less dramatic reductions in 

cancer risk. 

 

Although Armitage and Doll’s multistage model is simplistic, it exemplifies how considerably 

large changes in cancer risk could be achieved in evolution by changes in the somatic mutation rate 

and/or the number of driver mutations required to transform a normal cell into a cancer cell. This 

general conclusion extends to more sophisticated models where the cancer risk remains a function 

of the probability of driver mutation per unit time raised to the number of required drivers, such as 

the model by Calabrese and Shibata46,47. These models help to explain the observation that cancer 

mortality risk is largely independent of both body mass and adult life expectancy across mammals, 

as recently demonstrated by a study of 191 mammalian species48. 
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Supplementary Figure 1. Assessment of variant calling and filtering. a, Spectra of single-base 

substitution calls before (left) and after application of the final eight variant filters, across all giraffe 

samples. Note that the set of ‘unfiltered’ variants (left) has gone through the three early filters 

named ‘quality flag filter’, ‘alignment quality filter’ and ‘hairpin filter’ (Methods). b, Spectra of 

substitution calls flagged as artefactual by each of the final eight variant filters, across all giraffe 

samples. Note that sets of calls flagged by different filters are not mutually exclusive. c, Venn 

diagram showing the number of substitution calls shared between two LCM sections from the same 

mouse colorectal crypt. d, Venn diagram showing the numbers of substitution calls shared between 

five different colorectal crypts from the same mouse. 
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Supplementary Figure 2. Mutational signatures and exposures as inferred de novo. a, 

Mutational signatures inferred de novo from the species mutational spectra shown in Fig. 2a. 

Signatures are shown in a human-genome-relative representation. SBSA is the de novo equivalent 

of COSMIC signature SBS1 (Fig. 2b). b, Exposure of each sample to each of the mutational 

signatures shown in a. Samples are arranged horizontally as in Fig. 1b. c, Regression of signature-

specific mutation burdens on individual age for human, mouse and naked mole-rat samples. 

Regression was performed using mean mutation burden per individual. Shaded areas indicate 95% 

confidence intervals of the regression lines. BW, black-and-white; H, harbour; N, naked; RT, ring-

tailed.  
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Supplementary Table legends 
 

Supplementary Table 1. Species information. For each of the (sub)species in the study, the table 

provides: common name, scientific name, number of individuals in the study, number of colorectal 

crypts sequenced, range of individual ages, and source institution. 

 

Supplementary Table 2. Sample information. For each colorectal crypt sample in the study, the 

table provides: sample ID, individual ID, species name, matched normal sample ID, matched 

normal sample type, and median sequencing depth. 
 

Supplementary Table 3. Mutation rate and burden regression coefficients per species. For 

each species in the study (except harbour porpoise), the table provides the mean observed values 

of the rate of somatic substitutions per genome per year, and point estimates and 95% confidence 

intervals for simple linear regression of mean substitution burdens per individual on individual 

ages. The estimated regression slopes correspond to the estimated mutation rate per year for each 

species. Estimates are provided for constrained-intercept linear models applied to all species, and 

for free-intercept linear models applied to the eight species with at least three individuals. 
 

Supplementary Table 4. Somatic mutation burdens, rates and signature exposures. For each 

colorectal crypt sample in the study, the table provides: sample ID, individual ID, species name, 

individual age, total genome size, coding genome size, analysable genome size, analysable mtDNA 

size, mutational signature exposures (SBS1, SBSB, SBSC); somatic mutation burdens per genome 

for single-base substitutions, indels, signature-specific substitutions (SBS1, SBSB, SBSC), and 

mtDNA mutations; and somatic mutation rates per genome per year for single-base substitutions, 

indels, signature-specific substitutions (SBS1, SBSB, SBSC), and mtDNA mutations. 
 

Supplementary Table 5. Reference genome information. For each species in the study, the table 

provides: reference genome version used, reference mtDNA sequence used, Ensembl genome 

annotation version used (where applicable), reference genome file source, reference mtDNA file 

source, reference genome file URL, reference mtDNA file URL. 

 

Supplementary Table 6. Life history data. For each species in the study (except harbour 

porpoise), the table provides: adult mass (g), basal metabolic rate (W), litter/clutch size, maximum 

longevity (years); and maximum likelihood estimate and 95% confidence limits for the estimated 

80% lifespan, together with the corresponding sample size. The source of each estimate is given in 

brackets. 
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Supplementary Table 7. Number of cell divisions per lifespan. For mouse, rat and human, the 

table provides: estimated rate of colorectal cell division (hours), estimated lifespan (years), 

estimated number of cell division at the end of lifespan, estimated number of mutations per cell 

division (obtained using our mutation rate estimates), and the reference for the cell division rate. 

Two estimates of cell division rate are included for human. 

 




