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The Dynamics of Somatic
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From conception to death, human cells accumulate somatic mutations in their genomes.
These mutations can contribute to the development of cancer and non-malignant diseases
and have also been associated with aging. Rapid technological developments in
sequencing approaches in the last few years and their application to normal tissues
have greatly advanced our knowledge about the accumulation of these mutations during
healthy aging. Whole genome sequencing studies have revealed that there are significant
differences in mutation burden and patterns across tissues, but also that the mutation
rates within tissues are surprisingly constant during adult life. In contrast, recent lineage-
tracing studies based on whole-genome sequencing have shown that the rate of mutation
accumulation is strongly increased early in life before birth. These early mutations, which
can be shared by many cells in the body, may have a large impact on development and the
origin of somatic diseases. For example, cancer driver mutations can arise early in life,
decades before the detection of the malignancy. Here, we review the recent insights in
mutation accumulation and mutagenic processes in normal tissues. We compare
mutagenesis early and later in life and discuss how mutation rates and patterns evolve
during aging. Additionally, we outline the potential impact of these mutations on
development, aging and disease.

Keywords: somatic mutation, mutation accumulation, non-malignant cells, aging, fetal development, mutational
signatures, genomics

INTRODUCTION

Virtually every cell in the body contains a unique set of changes to the genome due to the
accumulation of somatic mutations during life. Some of the mutations cells acquire during life can
contribute to the development of age-associated diseases, such as cancer (Martincorena and
Campbell, 2015). Mutations can result from errors made during DNA replication or from
unrepaired or incorrectly repaired DNA damage. Each mutational process leaves characteristic
patterns of mutations, or “mutational signatures”, in the genome, which can be identified by
systematically studying mutation spectra (Alexandrov et al., 2013; Koh et al,, 2021).

Somatic mutations have historically been hard to detect, because they are often present in only a
tiny fraction of an individual’s cells resulting in a low variant allele frequency (Dou et al., 2018). As a
result, most somatic variants are not detected by regular bulk tissue sequencing technologies. Notable
exceptions to this are somatic variants in cancer. Since cancers grow out from a single cell, all the
somatic variants in that original cell will be clonally present in the cancer. Somatic mutations in
cancer have been extensively studied (ICGC/TCGA Pan-Cancer Analysis of Whole Genomes
Consortium, 2020). However, to better understand which somatic mutations and mutational
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FIGURE 1 | The number of substitutions per year for different tissue types. When the mutation rate of a tissue has been determined multiple times, they are

distinguished by the last name of the first author and the publication year. The color indicates the tissue type. The mutation rates in this figure may be influenced by
technical differences between the studies, which may explain some of the small differences between tissues. HSPCs; Hematopoietic stem and progenitor cells. ASCs;
adult stem cells. Source of mutation rates: Kidney tubules, Subcutaneous visceral adipose tissue (kidney) and Visceral adipose tissue (kidney) (Franco et al., 2019).
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processes contribute to cancer, somatic mutations in cancer need
to be compared to somatic mutations in normal, pre-cancer
tissues.

In the last few years, technological developments in DNA
sequencing methods and bioinformatic approaches have enabled
the detailed study of somatic mutations in normal tissues. In vitro
expansion of a single stem cell, followed by whole genome
sequencing of the clone, enables highly accurate

characterization of the genome of a single cell (Welch et al,
2012). Additionally, somatic variants can be identified by (deep)
sequencing of natural occurring clonal patches in healthy tissues
using low-input sequencing (Ellis et al., 2021). A disadvantage of
these methods is that they are limited to cells with self-renewal
capacity. Direct single-cell sequencing after whole genome
amplification and single-molecule duplex sequencing are
methods that can also be applied to non-dividing cells. Until
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recently these methods had a relatively low accuracy in mutation
detection, but new studies using novel technical and
bioinformatic innovations claim to have significantly reduced
their error rates (Abascal et al., 2021; Luquette et al., 2021; Xing
et al., 2021).

Many studies have recently applied these techniques to
characterize somatic mutation accumulation in various tissues
of healthy human donors across a wide range of ages. Here, we
provide an overview of the findings of these papers and discuss
how somatic mutagenesis evolves during life. First, we review how
mutations accumulate linearly with age and how this differs
between tissues in adults. Building on this knowledge of
mutagenesis in adults, we show how mutagenesis is divergent
early in life before birth. Finally, we discuss the impact of somatic
mutations and how this is different between mutations that occur
early and later in life.

Adult Tissues Accumulate Mutations
Linearly With Age

A mutation that is acquired in 1 cell, will be propagated to all of its
progeny. It has become clear in recent years that the somatic
mutation burden increases remarkably linearly with age in single
cells in normal tissues (Blokzijl et al., 2016). So far, this linear
mutation accumulation is confirmed in stem cells of all studied
normal tissues including liver, small intestine, large intestine,
lung, skin, blood, esophagus, muscle, kidney, adipose tissue,
endometrium, bile duct, stomach, prostate, pancreas, appendix
and bladder (Blokzijl et al., 2016; Franco et al., 2018; Lee-Six et al.,
2018; Osorio et al., 2018; Brunner et al., 2019; Franco et al., 2019;
Lee-Six et al.,, 2019; Yokoyama et al., 2019; Lawson et al., 2020;
Moore et al., 2020; Yoshida et al., 2020; Grossmann et al., 2021;
Mitchell et al., 2021; Moore et al., 2021; Park et al., 2021). The
amount of mutations that accumulate in different tissues ranged
from 9 substitutions per year in bile ductular cells to 56
substitutions per year in appendiceal crypts (Moore et al,
2021). Mutation rates in other tissues fell within this range,
showing that while there are differences between tissues, they
all fall within a single order of magnitude (Figure 1). Female and
male germ cells acquire only 0.74 and 2.7 mutations per year,
showing that the mutation rate in somatic cells is much higher
than in germline cells (Rahbari et al., 2016; Jonsson et al., 2017;
Moore et al.,, 2021). The average mutation rates within tissues
appear to be relatively constant during adult life. However,
individual cells may have mutation burdens divergent from
the average burden in the tissue due to different exposures to
endogenous or exogenous mutagenic processes and due to
differentiation, as will be discussed in the next sections.

Tissue-specific Mutational Processes in
Adult Stem Cells

Mutational signature analysis has indicated that some mutagenic
processes are active in all tissues, whereas some are tissue- or
exposure-specific. Single base substitution signature (SBS) 1 and
SBS5, which reflect life-long activity of “clock-like” mutational
processes, which cause mutations at a steady rate, were found in all
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cell types. SBS1 mutations are thought to be caused by spontaneous
deamination of methylated cytosine residues into thymine. In
contrast, the cause for SBS5 mutations is unknown, but likely
represents a collective of endogenous background mutational
processes (Nik-Zainal et al, 2012; Alexandrov et al, 2013).
While most, if not all, tissues gradually accumulate SBS1 and
SBS5 mutations throughout life, their ratios differ between tissues.
Differences in cell turnover rate between tissues have been
suggested to be one possible cause for this (Alexandrov et al,
2015; Blokzijl et al., 2016; Li et al., 2021; Moore et al.,, 2021).

Some cells also showed contributions of additional mutational
signatures caused by both exogenous and endogenous factors,
which explain part of the variation in the mutation rate and
spectra between tissues. Most skin fibroblasts and melanocytes,
for example, show contribution of SBS7, a signature caused by
UV-radiation (Tang et al, 2020; Park et al., 2021). Similarly,
kidney tubule cells with contribution of SBS40, in this case
possibly caused by formaldehyde and alkylating agents, were
found to accumulate 56.6 SNVs per year whereas cells lacking
this signature only accumulated 11.7 SNV per year (Franco et al.,
2019). SBS16, which is associated with alcohol consumption,
could be found in cells of the esophagus (Yokoyama et al., 2019;
Moore et al., 2021). Colibactin produced by a specific common
E. coli strain was found to cause SBS88 mutations in some colon
crypts (Lee-Six et al., 2019; Pleguezuelos-Manzano et al., 2020;
Moore et al.,, 2021). SBS2 and SBS13, which are associated with
activity of endogenous APOBEC cytosine deaminases, have been
found in multiple cell types including lung, colorectal and small
intestinal cells (Lee-Six et al., 2019; Yoshida et al., 2020; Moore
et al., 2021). These signatures are caused by sporadic bursts of
mutagenesis in a subset of cells in a tissue (Petljak et al., 2019).
Overall, it is clear that SBS1 and SBS5 are present in almost all cell
types and that additional tissue-specific mutational processes can
result in an increased mutational burden.

Mutagenesis in Post-Mitotic and
Differentiated Cells

It is likely that there are differences in mutagenesis between stem
cells and non-dividing, differentiated cells. Stem cells could be
expected to be protected from mutagenesis, because they are long-
lived and can self-renew in order to regenerate tissues throughout
life, which is not the case for most post-mitotic or fully
differentiated cells (Wyles et al, 2014). On the other hand,
post-mitotic cells will not accumulate errors made during DNA
replication. So far, somatic mutations have been mostly
characterized in proliferating stem and progenitor cells due to
technical limitations. In the last few years, technical innovations
have also enabled a more accurate detection of somatic variants in
non-dividing cells. One study using single-cell whole genome
amplification found a higher mutation rate in differentiated
hepatocytes compared to liver stem cells (Brazhnik et al., 2020).
Differentiated granulocytes were found to have a slightly, not
significantly, increased mutational load compared to
hematopoietic stem cells (Abascal et al., 2021). In contrast, both
naive and memory T-lymphocytes showed an increased mutation
rate of 22 and 25 SNV's per year compared to the 16 SNVs per year
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FIGURE 2 | Proposed model of the dynamics of somatic mutagenesis during life. Schematic overview depicting the distributions and rates of somatic mutations.

(A) Mutations arising early in development can be propagated to many cells of multiple tissues, as indicated by the red cell ineage. Due to this wide distribution, mutations
arising early in life can have a strong potential impact on development and disease. Mutations acquired later in life are usually only inherited by a small number of cells (the
blue- and orange-colored cells). Some early mutations, depicted by the purple lineage here, may also end up in extra-embryonic cell lineages not contributing to the

embryo proper. (B) The somatic mutation rate is especially high in the first embryonic cell divisions. After genome activation, the mutation rate decreases. It is unclear if
this decrease is gradual (as depicted) or more abrupt, but the mutation rate probably remains relatively high compared to the postnatal mutation rate. After birth, the
somatic mutation rate appears to stay remarkably constant during aging, leading to a gradual linear mutation accumulation. Variance in the mutation rate between tissues
leads to a tissue-specific mutation burden. In some tissues (such as intestine), the tissue-specific mutation patterns already arise early in embryogenesis, whereas in

that this study found in hematopoietic stem cells. Additionally,
both memory B- and T-lymphocytes showed an increased
mutation load irrespective of age, likely caused by somatic
hypermutation, while naive lymphocytes did not (Zhang et al.,
2019; Machado et al.,, 2021). Interestingly, several studies found
that post-mitotic brain neurons accumulate mutations with age at a
similar rate (14.7-17.1 per year) as stem cells of other tissues, even
though they do not replicate (Lodato et al., 2018; Abascal et al,
2021; Luquette et al,, 2021).

Most somatic mutations in short living differentiated cells are
likely acquired in the stem cell ancestors of these cells. Their
relatively short lifespan might prevent differentiated cells from
building up a strongly elevated mutation burden after
differentiation, even if their mutation rate would be much
higher. In addition to an increased mutation rate, it is also
possible that the process of differentiation itself could lead to a
single burst of mutation accumulation. Estimating the precise
mutation rate in vivo differentiated cells is therefore challenging.
Overall, the first single-cell and single-molecule sequencing
studies on differentiated and post-mitotic cells, suggest that
the mutation burden in these cells is either not or only
modestly increased as compared to stem cells in the same tissues.

Somatic Mutation Rates Are Strongly
Elevated in Prenatal Cells

Stem cells of adults and even of infants acquire somatic mutations
at an apparent constant rate. Interestingly, it has recently become

clear that the somatic mutation rate during fetal development is
strongly increased compared to the post-natal rates. For example,
in hematopoietic stem cells of newborns an average of 40 somatic
SNVs were found 9 months after conception, while only 14-17
SNVs are gained in adult stem cells per year (Osorio et al., 2018;
Mitchell et al., 2021). This increased mutation rate before birth
was confirmed by genomic analyses of various fetal tissues (Bae
et al, 2018; Kuijk et al., 2019; Hasaart et al., 2020; Spencer
Chapman et al, 2021). The mutation rate in fetal liver,
intestine and hematopoietic stem cells was shown to be
fivefold higher as compared to the rate in adult tissues. The
mutation rate in fetal mitotic neuronal progenitor cells was even
suggested to be 50-fold higher than in other postnatal tissues (Bae
et al,, 2018), although more recent studies could not confirm this
high mutation rate (Abascal et al., 2021; Luquette et al., 2021).

Additional evidence for an elevated prenatal mutation rate was
provided by retrospective lineage tracing studies of cell lineages in
various tissues. Since a mutation that arose in 1 cell will be
inherited by all its progeny, somatic mutations can be used as
genetic barcodes, which enables the reconstruction of phylogenies
and the identification of early embryonic cell divisions (Figure 2)
(Baron and van Oudenaarden, 2019). By assessing mutations that
are shared between different cells of the same individual it was
shown that especially in the first two to 3 cell divisions (up to the
8-cell stage) the mutation rate is relatively high with roughly 2 to
3 mutations per cell division (Ju et al., 2017; Park et al., 2021;
Spencer Chapman et al., 2021). In addition to the high mutation
rate in the first embryonic divisions, it was previously reported
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that chromosomal instability, characterized by high levels of
chromosomal missegregation and abnormalities leading to
mosaicism, is common in early (cultured) human embryos
(Vanneste et al., 2009).

Several non-exclusive factors contributing to the high
mutation rates in early human embryos have been proposed.
The first cell cycles after fertilization are relatively fast, leaving
little time for proper DNA repair (Palmer and Kaldis, 2016).
Transcription is not yet active in the first cell divisions. This
precludes high-fidelity transcription-coupled DNA repair and
makes DNA repair entirely dependent on maternally inherited
factors, which are diluted with every cell division (Schulz and
Harrison, 2019). DNA damage can be caused by chromatin
remodeling after fertilization or may be inherited from the
sperm cell (Colaco and Sakkas, 2018). Cell cycle and DNA
damage checkpoints are relaxed and apoptosis is prevented,
raising tolerance to DNA damage and mutagenesis (Palmer
and Kaldis, 2016; McCoy, 2017; Vazquez-Diez and FitzHarris,
2018). After the 8-cell stage, coinciding with activation of
transcription, the mutation rate drops to less than 1 mutation
on average per cell division (Park et al., 2021; Spencer Chapman
etal, 2021). The elevated mutation rate, leading to the presence of
dozens of somatic mutations in each cell at birth, may be the cost
of the rapid growth required during embryonic development
(Figure 2B).

Divergence of Tissue-Specific Mutation

Patterns Early in Life

The mutation patterns and rates that are specific for each tissue in
adults must emerge at a certain, currently unclear, moment
during development. As both cellular functions and exposure
to exogenous agents are different before and after birth, it can be
expected that mutation accumulation also differs between those
phases in life. The earliest embryonic mutations show clock-like
mutational signatures that are also common in most adult tissues,
namely SBS1 and SBS5 (Ju et al., 2017; Park et al., 2021; Spencer
Chapman et al,, 2021). Later during development, it has been
shown that fetal intestinal cells show the same specific mutation
patterns as in adult intestinal cells already at 13 weeks after
fertilization (Kuijk et al., 2019). In contrast, liver stem cells
and hematopoietic stem cells show different mutation patterns
before and after birth (Kuijk et al.,, 2019; Hasaart et al., 2020).
Fetal liver stem cells show a high contribution of SBS18, which is
linked to oxidative stress-induced mutagenesis and interestingly
was also found at high levels in fetal neural progenitors (Pilati
et al., 2017; Bae et al.,, 2018; Kucab et al., 2019). These findings
show that mutation patterns start to diverge between tissues
already early in development, but the precise moment appears to
be tissue specific.

The Impact of Somatic Mutations on
Disease and Aging

Somatic mutations can influence disease and aging in multiple
ways. The most well-known impact of somatic mutations is their
involvement in cancer (Hanahan and Weinberg, 2011). Somatic

Dynamics of Mutagenesis During Life

mutations can also lead to non-cancerous, but potentially
harmful clonal outgrowth, with clones sometimes replacing
entire tissues, for example in clonal hematopoiesis (Jaiswal and
Ebert, 2019; Kakiuchi and Ogawa, 2021; Mustjoki and Young,
2021). As has been recently reviewed in detail, accumulation of
somatic mutations might also impact aging for example by
affecting the functioning of cells by influencing tightly
controlled gene-regulatory networks and increasing cell-to-cell
transcriptional heterogeneity (transcriptional noise) (Vijg and
Dong, 2020). This is further supported by the observation that the
mutation load at the end of life is similar between different
mammals with wildly different lifespans (Cagan et al., 2021).
Defects in DNA repair have also been associated with accelerated
aging (Tiwari and Wilson, 2019). However, it has recently been
shown that a massively increased somatic mutation rate, in this
case due to germline POLE/POLDI mutations, does not
necessarily lead to accelerated aging (Robinson et al., 2021).
Further studies comparing young and old tissues are required
to elucidate the complicated effects of somatic mutations on
normal and aberrant aging.

Early Mutations: Small Numbers, but Large
Effects

In adults, only a relatively small fraction of all mutations in each
cell was acquired prenatally during early development. While
these early mutations are less numerous, they are shared by a high
fraction of the individual’s cells (Figure 2A) (Behjati et al., 2014;
Ju et al.,, 2017). As a result, some of these mutations might be
clinically relevant, as somatic mosaicism can underlie genetic
diseases and cancer (Biesecker and Spinner, 2013; Campbell et al.,
2015; Fernandez et al., 2016; Priest et al., 2016). For example,
somatic mosaicism has been associated with autism spectrum
disorders as well as other neurological disorders (Poduri et al.,
2013; McConnell et al., 2017; Paquola et al., 2017). As many of
these disorders originate early in life, especially mutations arising
in the earliest phases of development may have a pathogenic
impact (Hodges et al., 2020).

A cancer driver mutation arising early in development can be
propagated to a large fraction of cells. As a result, a relatively large
population of cells will be vulnerable to developing into a
malignancy via further hits. Consistent with this, driver
mutations have been found that originated decades before the
development of cancer, some of which likely emerged during fetal
development or early childhood (Gerstung et al., 2020; Williams
et al., 2020). In addition to adult cancers, pediatric cancers are
likely often caused by somatic mutations occurring during
development (Filbin and Monje, 2019). It has been shown that
1% of newborns already have detectable driver genomic
rearrangements in some of their blood cells, but these only
lead to cancer in a very small minority of cases (Greaves, 2018).

Early mutations may also impact spontaneous abortions. Less
than half of all human conceptions are thought to lead to a live
birth. This is at least partly due to somatic aneuploidies and copy
number changes occurring in the first cell divisions, but it is not
unlikely that in some cases SNVs also play a role (Hardy and
Hardy, 2015).
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Mutations that occur early in development can end up in the
germline and thereby propagate as de novo germline variants in a
person’s  offspring. Early mutations occurring during
development can likely explain a sizable fraction of de novo
germline variants, because of the low mutation rate of
germline cells (Yang et al, 2021). These de novo germline
variants can cause (neuro-)developmental disorders and other
diseases  (Veltman and 2012;  Deciphering
Developmental Disorders Study, 2017; Iakoucheva et al., 2019).

Brunner,

DISCUSSION

Recent studies have revealed that within a healthy tissue the
accumulation of somatic mutations in stem cells occurs at a
remarkably constant rate during life. Despite significant
differences in function, cell turnover, exposures to mutagens
and cancer incidence, but also technical differences between
studies, the variation in mutation rates and patterns between
stem cells of different tissues is surprisingly modest. Most
somatic mutations in stem cells of normal tissues are
characterized by different contributions of mutational signatures
SBS1 and SBS5, but some cells show contributions of signatures
caused by tissue-specific endogenous and exogenous exposures.
The mutation burden and in many cases also the clonality of tissues
increases with aging, but there seem to be no apparent differences
in mutation rates and patterns between stem cells of old and young
individuals. The elevated mutation rate before birth forms a notable
exception (Figure 2). It appears that the rapid growth during fetal
development comes at the cost of decreased genomic stability.
Differentiation, which can change the cell’s functions, self-
renewal capacity and potentially also the exposure to mutagens,
could be expected to lead to changes in mutation rates and
spectra. So far, the first genomic studies of differentiated cells
suggest that the effect of differentiation on mutagenesis is only

REFERENCES

Abascal, F., Harvey, L. M. R, Mitchell, E., Lawson, A. R. J., Lensing, S. V., Ellis, P.,
et al. (2021). Somatic Mutation Landscapes at Single-Molecule Resolution.
Nature 593 (7859), 405-410. doi:10.1038/s41586-021-03477-4

Alexandrov, L. B., Nik-Zainal, S., Wedge, D. C., Aparicio, S. A., Behjati, S., Biankin,
A. V., et al. (2013). Signatures of Mutational Processes in Human Cancer.
Nature 500 (7463), 415-421. doi:10.1038/nature12477

Alexandrov, L. B., Jones, P. H.,, Wedge, D. C,, Sale, J. E., Campbell, P. J., Nik-Zainal,
S., et al. (2015). Clock-like Mutational Processes in Human Somatic Cells. Nat.
Genet. 47 (12), 1402-1407. doi:10.1038/ng.3441

Bae, T., Tomasini, L., Mariani, J., Zhou, B., Roychowdhury, T., Franjic, D., et al.
(2018). Different Mutational Rates and Mechanisms in Human Cells at
Pregastrulation and Neurogenesis. Science 359 (6375), 550-555. doi:10.1126/
science.aan8690

Baron, C. S., and van Oudenaarden, A. (2019). Unravelling Cellular Relationships
during Development and Regeneration Using Genetic Lineage Tracing. Nat.
Rev. Mol. Cel Biol. 20 (12), 753-765. doi:10.1038/s41580-019-0186-3

Behjati, S., Huch, M., van Boxtel, R., Karthaus, W., Wedge, D. C., Tamuri, A. U,,
et al. (2014). Genome Sequencing of normal Cells Reveals Developmental
Lineages and Mutational Processes. Nature 513 (7518), 422-425. doi:10.1038/
naturel3448

Dynamics of Mutagenesis During Life

modest, possibly due to the relatively short lifespan of
differentiated cells. More single-cell studies of both in vivo and
in vitro differentiated cells of various tissues are required to
elucidate the precise role of differentiation on mutation
accumulation.  Intriguingly,  post-mitotic neurons also
accumulate mutations at a linear rate similar to stem cells of
other tissues. This shows that cell division and DNA replication
do not necessarily have to be the main drivers of somatic
mutagenesis in all cells. The linear mutation accumulation
suggests that mutagenesis in these non-dividing cells, likely
caused by endogenous DNA damage followed by erroneous
DNA repair, also occurs at a relatively steady rate.

Somatic mutations can result in cancer and play a role in other
diseases. They have also been associated with aging, though more
research is needed to strengthen these claims. It seems likely that
mutations arising early in life, even though they are less
numerous than somatic mutations occurring during
adulthood, regularly impact disease. The rapidly increasing
amount of genomics data will help to further elucidate the
relative impact of these early-life mutations compared to the
ones arising later in life.

AUTHOR CONTRIBUTIONS

FM, RB, and SM. jointly wrote the manuscript. RB and SM.
supervised the project. All authors approved the manuscript for
publication.

FUNDING

This study was financially supported by a VIDI grant from the
Netherlands Organisation for Scientific Research (NWO no.
016.Vidi.171.023) to RB.

Biesecker, L. G., and Spinner, N. B. (2013). A Genomic View of Mosaicism and
Human Disease. Nat. Rev. Genet. 14 (5), 307-320. doi:10.1038/nrg3424

Blokzijl, F., de Ligt, J., Jager, M., Sasselli, V., Roerink, S., Sasaki, N., et al. (2016).
Tissue-specific Mutation Accumulation in Human Adult Stem Cells during
Life. Nature 538 (7624), 260-264. doi:10.1038/nature19768

Brazhnik, K., Sun, S., Alani, O., Kinkhabwala, M., Wolkoff, A. W., Maslov, A. Y.,
et al. (2020). Single-cell Analysis Reveals Different Age-Related Somatic
Mutation Profiles between Stem and Differentiated Cells in Human Liver.
Sci. Adv. 6 (5), eaax2659. doi:10.1126/sciadv.aax2659

Brunner, S. F., Roberts, N. D., Wylie, L. A, Moore, L., Aitken, S. J., Davies, S. E.,
etal. (2019). Somatic Mutations and Clonal Dynamics in Healthy and Cirrhotic
Human Liver. Nature 574 (7779), 538-542. doi:10.1038/s41586-019-1670-9

Cagan, A., Baez-Ortega, A., Brzozowska, N., Abascal, F., Coorens, T. H. H,,
Sanders, M. A., et al. (2021). Somatic Mutation Rates Scale with Lifespan
across Mammals. bioRxiv [Preprint]. doi:10.1101/2021.08.19.456982

Campbell, I. M., Shaw, C. A., Stankiewicz, P., and Lupski, J. R. (2015). Somatic
Mosaicism: Implications for Disease and Transmission Genetics. Trends Genet.
31 (7), 382-392. doi:10.1016/j.tig.2015.03.013

Colaco, S., and Sakkas, D. (2018). Paternal Factors Contributing to Embryo Quality.
J. Assist. Reprod. Genet. 35 (11), 1953-1968. doi:10.1007/s10815-018-1304-4

Deciphering Developmental Disorders Study (2017). Prevalence and Architecture
of De Novo Mutations in Developmental Disorders. Nature 542 (7642),
433-438. doi:10.1038/nature21062

Frontiers in Aging | www.frontiersin.org

December 2021 | Volume 2 | Article 802407


https://doi.org/10.1038/s41586-021-03477-4
https://doi.org/10.1038/nature12477
https://doi.org/10.1038/ng.3441
https://doi.org/10.1126/science.aan8690
https://doi.org/10.1126/science.aan8690
https://doi.org/10.1038/s41580-019-0186-3
https://doi.org/10.1038/nature13448
https://doi.org/10.1038/nature13448
https://doi.org/10.1038/nrg3424
https://doi.org/10.1038/nature19768
https://doi.org/10.1126/sciadv.aax2659
https://doi.org/10.1038/s41586-019-1670-9
https://doi.org/10.1101/2021.08.19.456982
https://doi.org/10.1016/j.tig.2015.03.013
https://doi.org/10.1007/s10815-018-1304-4
https://doi.org/10.1038/nature21062
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

Manders et al.

Dou, Y., Gold, H. D., Luquette, L. J., and Park, P. J. (2018). Detecting Somatic
Mutations in Normal Cells. Trends Genet. 34 (7), 545-557. d0i:10.1016/
j.tig.2018.04.003

Ellis, P., Moore, L., Sanders, M. A., Butler, T. M., Brunner, S. F., Lee-Six, H., et al.
(2021). Reliable Detection of Somatic Mutations in Solid Tissues by Laser-
Capture Microdissection and Low-Input DNA Sequencing. Nat. Protoc. 16 (2),
841-871. doi:10.1038/s41596-020-00437-6

Fernandez, L. C., Torres, M., and Real, F. X. (2016). Somatic Mosaicism: on the
Road to Cancer. Nat. Rev. Cancer 16 (1), 43-55. doi:10.1038/nrc.2015.1

Filbin, M., and Monje, M. (2019). Developmental Origins and Emerging
Therapeutic Opportunities for Childhood Cancer. Nat. Med. 25 (3),
367-376. doi:10.1038/s41591-019-0383-9

Franco, L., Helgadottir, H. T., Moggio, A., Larsson, M., Vrta¢nik, P., Johansson, A.,
et al. (2019). Whole Genome DNA Sequencing Provides an Atlas of Somatic
Mutagenesis in Healthy Human Cells and Identifies a Tumor-Prone Cell Type.
Genome Biol. 20 (1), 285. doi:10.1186/s13059-019-1892-z

Franco, I, Johansson, A., Olsson, K., Vrta¢nik, P., Lundin, P., Helgadottir, H. T.,
et al. (2018). Somatic Mutagenesis in Satellite Cells Associates with Human
Skeletal Muscle Aging. Nat. Commun. 9 (1), 800. doi:10.1038/s41467-018-
03244-6

Gerstung, M., Jolly, C,, Jolly, C., Leshchiner, I, Dentro, S. C., Gonzalez, S., et al.
(2020). The Evolutionary History of 2,658 Cancers. Nature 578 (7793),
122-128. doi:10.1038/s41586-019-1907-7

Greaves, M. (2018). A Causal Mechanism for Childhood Acute Lymphoblastic
Leukaemia. Nat. Rev. Cancer 18 (8), 471-484. doi:10.1038/s41568-018-0015-6

Grossmann, S., Hooks, Y., Wilson, L., Moore, L., O’Neill, L., Martincorena, L., et al.
(2021). Development, Maturation, and Maintenance of Human Prostate
Inferred from Somatic Mutations. Cell Stem Cell 28 (7), 1262-1274. e1265.
doi:10.1016/j.stem.2021.02.005

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of Cancer: The Next
Generation. Cell 144 (5), 646-674. doi:10.1016/j.cell.2011.02.013

Hardy, K., and Hardy, P. J. (2015). 1(st) Trimester Miscarriage: Four Decades of
Study. Transl Pediatr. 4 (2), 189-200. doi:10.3978/j.issn.2224-4336.2015.03.05

Hasaart, K. A. L., Manders, F., van der Hoorn, M.-L., Verheul, M., Poplonski, T,
Kuijk, E., et al. (2020). Mutation Accumulation and Developmental Lineages in
normal and Down Syndrome Human Fetal Haematopoiesis. Sci. Rep. 10 (1),
12991. doi:10.1038/s41598-020-69822-1

Hodges, H., Fealko, C., and Soares, N. (2020). Autism Spectrum Disorder:
Definition, Epidemiology, Causes, and Clinical Evaluation. Transl Pediatr. 9
(Suppl. 1), S55-S65. doi:10.21037/tp.2019.09.09

Takoucheva, L. M., Muotri, A. R., and Sebat, J. (2019). Getting to the Cores of
Autism. Cell 178 (6), 1287-1298. doi:10.1016/j.cell.2019.07.037

ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium (2020). Pan-
cancer Analysis of Whole Genomes. Nature 578 (7793), 82-93. doi:10.1038/
$41586-020-1969-6

Jaiswal, S., and Ebert, B. L. (2019). Clonal Hematopoiesis in Human Aging and
Disease. Science 366 (6465), eaan4673. doi:10.1126/science.aan4673

Jonsson, H., Sulem, P., Kehr, B., Kristmundsdottir, S., Zink, F., Hjartarson, E., et al.
(2017). Parental Influence on Human Germline De Novo Mutations in 1,548
Trios from Iceland. Nature 549 (7673), 519-522. doi:10.1038/nature24018

Ju, Y. S., Martincorena, I, Gerstung, M., Petljak, M., Alexandrov, L. B., Rahbari, R.,
et al. (2017). Somatic Mutations Reveal Asymmetric Cellular Dynamics in the
Early Human Embryo. Nature 543 (7647), 714-718. doi:10.1038/nature21703

Kakiuchi, N., and Ogawa, S. (2021). Clonal Expansion in Non-cancer Tissues. Nat.
Rev. Cancer 21 (4), 239-256. d0i:10.1038/s41568-021-00335-3

Koh, G., Degasperi, A., Zou, X., Momen, S., and Nik-Zainal, S. (2021). Mutational
Signatures: Emerging Concepts, Caveats and Clinical Applications. Nat. Rev.
Cancer 21 (10), 619-637. doi:10.1038/s41568-021-00377-7

Kucab, J. E.,, Zou, X., Morganella, S., Joel, M., Nanda, A. S., Nagy, E., et al. (2019). A
Compendium of Mutational Signatures of Environmental Agents. Cell 177 (4),
821-836. €816. doi:10.1016/j.cell.2019.03.001

Kuijk, E., Blokzijl, F., Jager, M., Besselink, N., Boymans, S., Chuva de Sousa Lopes,
S. M., et al. (2019). Early Divergence of Mutational Processes in Human Fetal
Tissues. Sci. Adv. 5 (5), eaaw1271. doi:10.1126/sciadv.aaw1271

Lawson, A. R. ]., Abascal, F., Coorens, T. H. H., Hooks, Y., O’Neill, L., Latimer, C.,
et al. (2020). Extensive Heterogeneity in Somatic Mutation and Selection in the
Human Bladder. Science 370 (6512), 75-82. doi:10.1126/science.aba8347

Dynamics of Mutagenesis During Life

Lee-Six, H., @bro, N. F., Shepherd, M. S., Grossmann, S., Dawson, K., Belmonte,
M, et al. (2018). Population Dynamics of normal Human Blood Inferred from
Somatic Mutations. Nature 561 (7724), 473-478. doi:10.1038/s41586-018-
0497-0

Lee-Six, H., Olafsson, S., Ellis, P., Osborne, R. J., Sanders, M. A., Moore, L., et al.
(2019). The Landscape of Somatic Mutation in normal Colorectal Epithelial
Cells. Nature 574 (7779), 532-537. doi:10.1038/s41586-019-1672-7

Li, R, Dij, L, Li, J., Fan, W,, Liu, Y., Guo, W, et al. (2021). A Body Map of Somatic
Mutagenesis in Morphologically normal Human Tissues. Nature 597 (7876),
398-403. doi:10.1038/541586-021-03836-1

Lodato, M. A., Rodin, R. E., Bohrson, C. L., Coulter, M. E., Barton, A. R., Kwon, M.,
et al. (2018). Aging and Neurodegeneration Are Associated with Increased
Mutations in Single Human Neurons. Science 359, 555-559. doi:10.1126/
science.aa04426

Luquette, L. J., Miller, M. B., Zhou, Z., Bohrson, C. L., Galor, A., Lodato, M. A., et al.
(2021). Ultraspecific Somatic SNV and Indel Detection in Single Neurons Using
Primary Template-Directed Amplification. bioRxiv [Preprint]. doi:10.1101/
2021.04.30.442032

Machado, H. E., Mitchell, E., @bro, N. F,, Kiibler, K., Davies, M., Maura, F., et al.
(2021). Genome-wide Mutational Signatures of Immunological Diversification
in normal Lymphocytes. bioRxiv [Preprint]. doi:10.1101/2021.04.29.441939

Martincorena, 1., and Campbell, P. J. (2015). Somatic Mutation in Cancer and
normal Cells. Science 349 (6255), 1483-1489. doi:10.1126/science.aab4082

McConnell, M. J., Moran, J. V., Abyzov, A., Akbarian, S., Bae, T., Cortes-Ciriano, I,
et al. (2017). Intersection of Diverse Neuronal Genomes and Neuropsychiatric
Disease: The Brain Somatic Mosaicism Network. Science 356 (6336), eaal1641.
doi:10.1126/science.aal1641

McCoy, R. C. (2017). Mosaicism in Preimplantation Human Embryos: When
Chromosomal Abnormalities Are the Norm. Trends Genet. 33 (7), 448-463.
doi:10.1016/j.tig.2017.04.001

Mitchell, E., Chapman, M. S., Williams, N., Dawson, K., Mende, N., Calderbank, E.
F., et al. (2021). Clonal Dynamics of Haematopoiesis across the Human
Lifespan. bioRxiv [Preprint]. doi:10.1101/2021.08.16.456475

Moore, L., Cagan, A., Coorens, T. H. H., Neville, M. D. C,, Sanghvi, R., Sanders, M.
A., et al. (2021). The Mutational Landscape of Human Somatic and Germline
Cells. Nature 597 (7876), 381-386. d0i:10.1038/s41586-021-03822-7

Moore, L., Leongamornlert, D., Coorens, T. H. H., Sanders, M. A,, Ellis, P., Dentro,
S. C,, et al. (2020). The Mutational Landscape of normal Human Endometrial
Epithelium. Nature 580 (7805), 640-646. doi:10.1038/s41586-020-2214-z

Mustjoki, S., and Young, N. S. (2021). Somatic Mutations in "Benign" Disease. N.
Engl. J. Med. 385 (11), e34. doi:10.1056/NEJMc2110545

Nik-Zainal, S., Alexandrov, L. B., Wedge, D. C., Van Loo, P., Greenman, C. D,
Raine, K, et al. (2012). Mutational Processes Molding the Genomes of 21 Breast
Cancers. Cell 149 (5), 979-993. doi:10.1016/j.cell.2012.04.024

Osorio, F. G., Rosendahl Huber, A., Oka, R., Verheul, M., Patel, S. H., Hasaart, K.,
et al. (2018). Somatic Mutations Reveal Lineage Relationships and Age-Related
Mutagenesis in Human Hematopoiesis. Cel Rep. 25 (9), 2308-2316. €2304.
doi:10.1016/j.celrep.2018.11.014

Palmer, N., and Kaldis, P. (2016). Regulation of the Embryonic Cell Cycle during
Mammalian Preimplantation Development. Curr. Top. Dev. Biol. 120, 1-53.
doi:10.1016/bs.ctdb.2016.05.001

Paquola, A. C. M., Erwin, J. A, and Gage, F. H. (2017). Insights into the Role of
Somatic Mosaicism in the Brain. Curr. Opin. Syst. Biol. 1, 90-94. doi:10.1016/
j.coisb.2016.12.004

Park, S., Mali, N. M., Kim, R., Choi, J.-W., Lee, J., Lim, J., et al. (2021). Clonal
Dynamics in Early Human Embryogenesis Inferred from Somatic Mutation.
Nature 597 (7876), 393-397. do0i:10.1038/s41586-021-03786-8

Petljak, M., Alexandrov, L. B., Brammeld, J. S., Price, S., Wedge, D. C., Grossmann,
S., et al. (2019). Characterizing Mutational Signatures in Human Cancer Cell
Lines Reveals Episodic APOBEC Mutagenesis. Cell 176 (6), 1282-1294. €1220.
doi:10.1016/j.cell.2019.02.012

Pilati, C., Shinde, J., Alexandrov, L. B., Assié, G., André, T., Hélias-Rodzewicz, Z.,
et al. (2017). Mutational Signature Analysis Identifies MUTYH Deficiency in
Colorectal Cancers and Adrenocortical Carcinomas. J. Pathol. 242 (1), 10-15.
doi:10.1002/path.4880

Pleguezuelos-Manzano, C., Puschhof, J., Rosendahl Huber, A., van Hoeck, A.,
Wood, H. M., Nomburg, J., et al. (2020). Mutational Signature in Colorectal

Frontiers in Aging | www.frontiersin.org

December 2021 | Volume 2 | Article 802407


https://doi.org/10.1016/j.tig.2018.04.003
https://doi.org/10.1016/j.tig.2018.04.003
https://doi.org/10.1038/s41596-020-00437-6
https://doi.org/10.1038/nrc.2015.1
https://doi.org/10.1038/s41591-019-0383-9
https://doi.org/10.1186/s13059-019-1892-z
https://doi.org/10.1038/s41467-018-03244-6
https://doi.org/10.1038/s41467-018-03244-6
https://doi.org/10.1038/s41586-019-1907-7
https://doi.org/10.1038/s41568-018-0015-6
https://doi.org/10.1016/j.stem.2021.02.005
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.3978/j.issn.2224-4336.2015.03.05
https://doi.org/10.1038/s41598-020-69822-1
https://doi.org/10.21037/tp.2019.09.09
https://doi.org/10.1016/j.cell.2019.07.037
https://doi.org/10.1038/s41586-020-1969-6
https://doi.org/10.1038/s41586-020-1969-6
https://doi.org/10.1126/science.aan4673
https://doi.org/10.1038/nature24018
https://doi.org/10.1038/nature21703
https://doi.org/10.1038/s41568-021-00335-3
https://doi.org/10.1038/s41568-021-00377-7
https://doi.org/10.1016/j.cell.2019.03.001
https://doi.org/10.1126/sciadv.aaw1271
https://doi.org/10.1126/science.aba8347
https://doi.org/10.1038/s41586-018-0497-0
https://doi.org/10.1038/s41586-018-0497-0
https://doi.org/10.1038/s41586-019-1672-7
https://doi.org/10.1038/s41586-021-03836-1
https://doi.org/10.1126/science.aao4426
https://doi.org/10.1126/science.aao4426
https://doi.org/10.1101/2021.04.30.442032
https://doi.org/10.1101/2021.04.30.442032
https://doi.org/10.1101/2021.04.29.441939
https://doi.org/10.1126/science.aab4082
https://doi.org/10.1126/science.aal1641
https://doi.org/10.1016/j.tig.2017.04.001
https://doi.org/10.1101/2021.08.16.456475
https://doi.org/10.1038/s41586-021-03822-7
https://doi.org/10.1038/s41586-020-2214-z
https://doi.org/10.1056/NEJMc2110545
https://doi.org/10.1016/j.cell.2012.04.024
https://doi.org/10.1016/j.celrep.2018.11.014
https://doi.org/10.1016/bs.ctdb.2016.05.001
https://doi.org/10.1016/j.coisb.2016.12.004
https://doi.org/10.1016/j.coisb.2016.12.004
https://doi.org/10.1038/s41586-021-03786-8
https://doi.org/10.1016/j.cell.2019.02.012
https://doi.org/10.1002/path.4880
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

Manders et al.

Cancer Caused by Genotoxic Pks+ E. coli. Nature 580 (7802), 269-273.
doi:10.1038/s41586-020-2080-8

Poduri, A., Evrony, G. D., Cai, X, and Walsh, C. A. (2013). Somatic Mutation,
Genomic Variation, and Neurological Disease. Science 341 (6141), 1237758.
doi:10.1126/science.1237758

Priest, J. R,, Gawad, C., Kahlig, K. M., Yu, J. K., O'Hara, T., Boyle, P. M., et al.
(2016). Early Somatic Mosaicism Is a Rare Cause of Long-QT Syndrome. Proc.
Natl. Acad. Sci. USA 113 (41), 11555-11560. doi:10.1073/pnas.1607187113

Rahbari, R., Consortium, U. K., Wuster, A., Lindsay, S. J., Hardwick, R. ],
Alexandrov, L. B., et al. (2016). Timing, Rates and Spectra of Human
Germline Mutation. Nat. Genet. 48 (2), 126-133. doi:10.1038/ng.3469

Robinson, P. S., Coorens, T. H. H., Palles, C., Mitchell, E., Abascal, F., Olafsson, S.,
etal. (2021). Increased Somatic Mutation Burdens in normal Human Cells Due
to Defective DNA Polymerases. Nat. Genet. 53 (10), 1434-1442. doi:10.1038/
541588-021-00930-y

Schulz, K. N., and Harrison, M. M. (2019). Mechanisms Regulating Zygotic
Genome Activation. Nat. Rev. Genet. 20 (4), 221-234. doi:10.1038/s41576-
018-0087-x

Spencer Chapman, M., Ranzoni, A. M., Myers, B., Williams, N., Coorens, T. H. H.,
Mitchell, E,, et al. (2021). Lineage Tracing of Human Development through
Somatic Mutations. Nature 595 (7865), 85-90. doi:10.1038/s41586-021-
03548-6

Tang, J., Fewings, E., Chang, D., Zeng, H., Liu, S., Jorapur, A,, et al. (2020). The
Genomic Landscapes of Individual Melanocytes from Human Skin. Nature 586,
600-605. doi:10.1038/s41586-020-2785-8

Tiwari, V., and Wilson, D. M., 3rd (2019). DNA Damage and Associated DNA
Repair Defects in Disease and Premature Aging. Am. J. Hum. Genet. 105 (2),
237-257. doi:10.1016/j.ajhg.2019.06.005

Vanneste, E., Voet, T., Le Caignec, C., Ampe, M., Konings, P., Melotte, C,, et al.
(2009). Chromosome Instability Is Common in Human Cleavage-Stage
Embryos. Nat. Med. 15 (5), 577-583. doi:10.1038/nm.1924

Vazquez-Diez, C., and FitzHarris, G. (2018). Causes and Consequences of
Chromosome Segregation Error in Preimplantation Embryos. Reproduction
155 (1), R63-R76. doi:10.1530/REP-17-0569

Veltman, J. A., and Brunner, H. G. (2012). De Novo mutations in Human Genetic
Disease. Nat. Rev. Genet. 13 (8), 565-575. doi:10.1038/nrg3241

Vijg, J., and Dong, X. (2020). Pathogenic Mechanisms of Somatic Mutation and
Genome Mosaicism in Aging. Cell 182 (1), 12-23. d0i:10.1016/j.cell.2020.06.024

Welch, J. S, Ley, T. J., Link, D. C., Miller, C. A., Larson, D. E., Koboldt, D. C,, et al.
(2012). The Origin and Evolution of Mutations in Acute Myeloid Leukemia.
Cell 150 (2), 264-278. doi:10.1016/j.cell.2012.06.023

Dynamics of Mutagenesis During Life

Williams, N., Lee, J., Moore, L., Baxter, E. J., Hewinson, J., Dawson, K. J., et al.
(2020). Phylogenetic Reconstruction of Myeloproliferative Neoplasm Reveals
Very Early Origins and Lifelong Evolution. bioRxiv [Preprint]. doi:10.1101/
2020.11.09.374710

Wyles, S., Brandt, E., and Nelson, T. (2014). Stem Cells: the Pursuit of Genomic
Stability. Int. J. Mol. Sci. 15 (11), 20948-20967. doi:10.3390/ijms151120948

Xing, D., Tan, L., Chang, C.-H., Li, H., and Xie, X. S. (2021). Accurate SNV
Detection in Single Cells by Transposon-Based Whole-Genome Amplification
of Complementary Strands. Proc. Natl. Acad. Sci. USA 118 (8), €2013106118.
doi:10.1073/pnas.2013106118

Yang, X., Breuss, M. W., Xu, X., Antaki, D., James, K. N., Stanley, V., et al. (2021).
Developmental and Temporal Characteristics of Clonal Sperm Mosaicism. Cell
184 (18), 4772-4783. e4715. doi:10.1016/j.cell.2021.07.024

Yokoyama, A., Kakiuchi, N., Yoshizato, T., Nannya, Y., Suzuki, H., Takeuchi, Y.,
et al. (2019). Age-related Remodelling of Oesophageal Epithelia by Mutated
Cancer Drivers. Nature 565 (7739), 312-317. d0i:10.1038/s41586-018-0811-x

Yoshida, K., Gowers, K. H. C,, Lee-Six, H., Chandrasekharan, D. P., Coorens, T.,
Maughan, E. F, et al. (2020). Tobacco Smoking and Somatic Mutations in Human
Bronchial Epithelium. Nature 578 (7794), 266-272. doi:10.1038/s41586-020-1961-1

Zhang, L., Dong, X, Lee, M., Maslov, A. Y., Wang, T., and Vijg, J. (2019). Single-cell
Whole-Genome Sequencing Reveals the Functional Landscape of Somatic
Mutations in B Lymphocytes across the Human Lifespan. Proc. Natl. Acad.
Sci. USA 116 (18), 9014-9019. doi:10.1073/pnas.1902510116

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commerecial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, orclaim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Manders, van Boxtel and Middelkamp. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Aging | www.frontiersin.org

December 2021 | Volume 2 | Article 802407


https://doi.org/10.1038/s41586-020-2080-8
https://doi.org/10.1126/science.1237758
https://doi.org/10.1073/pnas.1607187113
https://doi.org/10.1038/ng.3469
https://doi.org/10.1038/s41588-021-00930-y
https://doi.org/10.1038/s41588-021-00930-y
https://doi.org/10.1038/s41576-018-0087-x
https://doi.org/10.1038/s41576-018-0087-x
https://doi.org/10.1038/s41586-021-03548-6
https://doi.org/10.1038/s41586-021-03548-6
https://doi.org/10.1038/s41586-020-2785-8
https://doi.org/10.1016/j.ajhg.2019.06.005
https://doi.org/10.1038/nm.1924
https://doi.org/10.1530/REP-17-0569
https://doi.org/10.1038/nrg3241
https://doi.org/10.1016/j.cell.2020.06.024
https://doi.org/10.1016/j.cell.2012.06.023
https://doi.org/10.1101/2020.11.09.374710
https://doi.org/10.1101/2020.11.09.374710
https://doi.org/10.3390/ijms151120948
https://doi.org/10.1073/pnas.2013106118
https://doi.org/10.1016/j.cell.2021.07.024
https://doi.org/10.1038/s41586-018-0811-x
https://doi.org/10.1038/s41586-020-1961-1
https://doi.org/10.1073/pnas.1902510116
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

	The Dynamics of Somatic Mutagenesis During Life in Humans
	Introduction
	Adult Tissues Accumulate Mutations Linearly With Age
	Tissue-specific Mutational Processes in Adult Stem Cells
	Mutagenesis in Post-Mitotic and Differentiated Cells
	Somatic Mutation Rates Are Strongly Elevated in Prenatal Cells
	Divergence of Tissue-Specific Mutation Patterns Early in Life
	The Impact of Somatic Mutations on Disease and Aging
	Early Mutations: Small Numbers, but Large Effects

	Discussion
	Author Contributions
	Funding
	References


