initiatives have emerged to support such
efforts. Continuing to diversify in this way™
will accelerate our understanding of how
common and rare genetic variants combine
withenvironmental factors to shapeindividual
risk for mentalillness.
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Mutational clocks tick
differently across species

Alexander N. Gorelick & Kamila Naxerova

Throughout life, cells accrue mutations. It now emerges that
longer-lived animals acquire mutations at aslower rate than
do short-lived species, potentially explaining why cancer risk
does notincrease with lifespan. See p.517

The animal kingdom comprises amazing
diversity, ranging from small, short-lived
animals to large, long-lived species. How
does the risk of developing cancer manifest
across these different life forms, and whatare
the molecular underpinnings of this? Cagan
etal.' (page 517) and Vincze et al.* provide some
answers.

How does cancer originate? To the best of
our knowledge, it arises from a cell that has
acquired a critical number of inauspicious
genetic alterations. These abnormalities
decoupleit from the ordered cell society in
which it resides, and enable a rogue exist-
ence that might eventually result in tumour
formation.

If this classic model is accurate, then the
probability that such a rogue cell will arise
should scale with lifespanand with the number
of cellsinanorganism’sbody. A blue whale has
many more cells and lives much longer than
does amouse, so surely a whale is at higher
risk of developing cancer than a mouse is.
Strangely, this is not so. The surprising lack
of association between body size, lifespan
and cancer risk is named Peto’s paradox?,
after epidemiologist Richard Peto, who mused
about thisin1977.

Thetwo latestreports provide new food for
thought about this paradox. Vincze et al. prove

Petoright through an analysis of mortality for
191 species in zoos, and confirm that animals
withlargerbodies orlonger lives are not more
likely to die of cancer than are smaller animals
or animals with shorter lifespans. Cagan and
colleagues study the mechanisms underlying
Peto’s paradox by investigating how rapidly
cellsin differentanimal species acquire muta-
tions (Fig.1). The authors conclude that cellsin
long-lived animals mutate much more slowly
thando cellsinshort-lived species, providing a
possible explanation for why cancer risk does
not necessarily scale with lifespan.
Comparing genome-wide mutation rates
across species is not a simple undertaking.
Accurately measuring mutationsinsingle cells
poses substantial technical difficulties, and
mutationsinlarge populations of cells are hard
todetectifthe constituentcells are genetically
diverse. Cagan et al. devised aninspired solu-
tionto this problem by choosing to sequence
aparticularly suitable cell population across
16 animal species. The authors focused on
structures in the colon called crypts, which
aretiny folds consisting of gut epithelial cells.
These cells all have a common ancestral
cell that existed a relatively short time ago
compared with the species’ lifespan. There-
fore, sequencing genomes from crypts pro-
vides an excellent estimate of the number of

© 2022 Springer Nature Limited. All rights reserved.

Fromthe archive

Chemistry lessons with a historical twist,
and conversations about mathematics
come under the spotlight.

50yearsago

Teaching the History of Chemistry. Edited
by George B. Kauffman — Those who hold
almost any view of how, when, or whether
the history of chemistry should be taught
will find support for it in this volume,
which consists of eighteen papers read

at a symposium at a national meeting of
the American Chemical Society ... Some
urge separate courses in the history

of chemistry, while others believe that
chemistry will cease to seem colourless
and over-factual when its presentation is
enlivened with anecdotes and case-studies
... Attempts are made here ... to make us
pursue ... the history of chemistry for its
own sake and not because it is useful for
something else.

From Nature 21 April 1972

100 years ago

Perhaps few well-known mathematicians
have escaped an experience which would
be amusing if it were not so exasperating.
Mr. Brown (let us say) is introduced to

Prof. Smith, who teaches mathematics

at a provincial college. After the usual
expression of pleasure at the introduction,
Brown generally adds “Of course, although
| haven't had the pleasure of meeting you
before, | know you well by reputation.”
Then, without so much as pausing to take
breath, he proceeds to explain that he

was always a duffer in “maths” at school,
and that he has now forgotten everything
about the subject they tried to teach him
as a boy. Now Brown doesn't act in this
way to every celebrity ... Moreover, in
making his lamentable confession, Brown
shows no sign of regret or humiliation; on
the contrary, a sort of satisfied look steals
over his face, suggesting that he is glad

to be free once and for all from the study
of such a repulsive and useless subject ...
One thing clear from Brown'’s attitude is
that he evidently fears lest Smith should
introduce some mathematical topic during
the conversation. Of course this is the thing
Smith is most unlikely to do.

From Nature 22 April 1922
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Figure1|Lifespan and the accumulation of mutations across species. If the number of mutationsina
cell (the mutation burden) drives the risk of developing cancer, then animals that live longest and have the
most cells should be the most likely to die of cancer. However, as confirmed by Vincze et al.?, this is not the
case, and this puzzle is known as Peto’s paradox’. Cagan et al.' gathered data that enabled them to estimate

the mutation rate (the number of mutations per cell per year) for 16 animal species, 4 of which are shown
here. The authors found that species with shorter lifespans accrue mutations at higher rates compared
with long-lived species, resulting in similar end-of-life mutation burdens per cell for different species.
This finding partially explains Peto’s paradox. Long-lived species also tend to be larger, and therefore
might have evolved further mechanisms for combating cancer, such as extra copies of genes that function

to prevent tumour formation.

mutations presentin the ancestral cell.

Previous work*established that the number
of mutations in human crypts increases by
a constant amount every year. Cagan and
colleagues find that the same is true for
other species: their dataforindividual crypts
are consistent with the number of mutations
increasinginalinearfashionoveranorganism’s
lifetime. Moreover, the processes that intro-
duce mutationsintothe genome donot seem
to differ substantially between species. The
bigsurprise came when the authors compared
the total number of mutations acquired by the
genomes ofindividual crypts every year. This
number varied strikingly, from approximately
only 47 mutationsinindividual human crypts
to 796 in mice, an almost 17-fold difference.
This difference is staggering, given the large
overallsimilarities between human and mouse
genomes.

Cagan et al. investigated which life-history
traits correlate with crypt mutation rate (the
number of new mutations per year per crypt)
across species. The authors considered several
species characteristics, including adult body
mass, litter size and physiological measure-
ments such as basal metabolicrate. The most
striking correlation was with lifespan. Longer-
lived animals acquired few mutations every
year and shorter-lived animals acquired many
mutations, whichmeant that the total number
of mutations at the end of an animal’s life was
roughly similar across species.

These results are thought-provoking,
particularly when taken together with Vincze
and colleagues’ findings that lifespan does
not seem to have a major role in shaping
cancer risk. Instead, Vincze et al. noted that
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carnivorous mammals that consume the raw
meat of other mammals are at elevated risk
of dying from cancer, perhaps owing to the
transmission of cancer-promoting viruses
throughsuch adiet.

The pieces of the puzzle seemtofit together
well: longer-lived animals have alow mutation
rate, which brings their risk of cancer mortal-
ity down to levels similar to those of short-
er-lived species. So, is Peto’s paradox solved?
Partially, yes. However, an explanation for the
role of body size is missing. Evenif'the per-cell
mutation number at the end of life is simi-
lar across species with different lifespans,
longer-lived species tend to be larger
(and have more cells) and thus would be
expected to have a higher cancer risk than
smaller species have. This discrepancy
might be explained by the evolution of extra
mechanismstoreducecancerriskinlarger-bod-
ied species. For example, elephant genomes®
have 20 copies of the powerful anticancer
gene TP53 (atleast some of which are partially
functional®).

The findings made by Cagan et al. raise
another intriguing question. Is death from
cancer the only selective pressure affecting
mutationrates? Other thanincreasing cancer
risk, the accumulation of mutations over an
organism’s life is hypothesized to impair
cellular function, thereby leading to organ fail-
ure and death in old age’. Have low mutation
ratesinlong-lived species perhaps evolved to
decelerate ageing processes in general?

Mutation rate is not the only molecular
characteristic that correlates closely with
lifespan: for example, higher rates of
shortening of chromosomal structures called

© 2022 Springer Nature Limited. All rights reserved.

telomeres®and higher protein-turnover rates’
are observed in animals that have shorter
lifespans. The latter is less clearly linked to
tumour formation, potentially supporting
theargument that mutationratesinlong-lived
species are somehow capped to delay ageingin
general. However, several studies report that
individuals born with genetic changes that
lead to higher than normal mutation rates
in various tissues do not show overt signs of
accelerated ageing!®", which argues against
a straightforward connection between the
accumulation of mutations and ageing.

Cagan and colleagues propose a bold
hypothesis: perhapsitis not primarily arising
number of mutations that contribute to tissue
ageing, but rather an increasing prevalence
of cell populations that have acquired ‘self-
ish’ mutations, which negatively affect an
organ’s function. Such mutations can spread
within tissues by conferring an advantage to
cells that carry them', but they might also
change the cell’s behaviour in ways that are
disadvantageous for the organism. Evidence
for suchamechanismisso far sparse, but our
understanding of the evolution of cell lineages
in normal and ageing tissues is only in its
infancy. The work of Vincze et al. and Cagan
etal. is awonderful reminder of how much
our conceptual thinking about human health
and disease can be enriched by expanding our
horizon to consider other species.
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