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Abstract

Age-related accumulation of postzygotic DNA mutations results in tissue genetic heterogeneity
known as somatic mosaicism. While implicated in aging as early as the 1950s, somatic mutations
in normal tissues have been difficult to study because of their low allele fractions. With the recent
emergence of cost-effective high-throughput sequencing, down to the single-cell level, enormous
progress has been made in our capability to quantitatively analyze somatic mutations in human
tissues in relation to aging and disease. Here, we first review how recent technological progress
has opened up this field, providing the first broad sets of quantitative information on somatic
mutations /77 vivo necessary to gain insight into their possible causal role in human aging and
disease. We then propose three major mechanisms that can lead from accumulated de novo
mutations across tissues to cell functional loss and human disease.
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Vijg and Dong review recent insights that reveal how common genetic mosaicism is, and propose
three mechanisms through which somatic mutations could contribute to aging and age-related
pathology.
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Introduction

Genome mosaicism of the soma refers to genetic heterogeneity within tissues and organs
due to postzygotic mutations, i.e., mutations in the genome of somatic cells not transmitted
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to the next generation. The concept of genome mosaicism stems from the early 20t century
when Boveri, Morgan and others speculated that cancer was a somatic mosaic caused by
genetic alterations (Boveri, 1914; Morgan and Bridges, 1919). Mutations were then
generally understood to be sources of genetic variation that alter the physical and functional
units of heredity, first termed “genes” by Wilhelm Johannsen around that same time
(Johannsen, 1911). Later, based on new insights into the mutagenic effects of radiation on
mammals, Gioacchino Failla and Leo Szilard proposed in the late 1950’s that both cancer
and aging were caused by the accumulation of de novo somatic mutations (Failla, 1958;
Szilard, 1959). Almost two decades later, this proved to be correct for cancer, a disease
caused by cycles of mutation, selection and new mutations, which can eventually result in a
metastatic tumor (Nowell, 1976). However, a causal role for postzygotic mutations and
genome mosaicism in aging and age-related diseases other than cancer, proved more difficult
to establish and remains unclear. This is because postzygotic mutations are generally unique
for each individual cell and could only be detected when they clonally amplify to a large
allelic fraction. The latter is rare, which explains why it was not noticed until the era of
large-scale genotyping began.

Somatic mutations arise because of errors in the repair or replication of damaged DNA (Fig.
1). In the germ line such errors generate genetic diversity by providing the substrate for
natural selection, thereby fueling evolution. Germline mutation rate is itself genetically
determined and depends on various factors, including environmental constraints and
population size. Mutation rates cannot decrease to zero because this would prevent any
subsequent evolutionary change and would have fitness costs for the organism in terms of
the advanced repair and replication systems required (Baer et al., 2007; Lynch et al., 2016).
In those species that have a soma, i.e., the relatively low abundant multicellular organisms,
mutation rate may also vary and there is some evidence for increased somatic genome
maintenance in long-lived species (Vijg, 2007). This would suggest that long-lived species
have a lower somatic mutation rate than short-lived species, but this remains to be
demonstrated. Of course, evolutionary theory does not predict the prevention of somatic
mutations for extended time periods after reproduction (Williams, 1957). In addition,
somatic mutagenesis also fulfils certain essential physiological roles (see Box 1).

Until very recently almost all the available information on de novo mutagenesis in normal
cells and tissues had been obtained indirectly, using reporter genes (endogenous genes or
transgenes that can be selected for mutations) (Dollé et al., 1997; Grist et al., 1992). In
virtually all of these studies, a significant and often tissue-specific increase in somatic
mutations with age has been observed (Dollé et al., 1997; Ono et al., 2000). However, while
informative, such mutational reporter models have the major limitation that no reporter gene
can be considered to represent an entire mammalian genome. Hence, they do not allow
obtaining quantitative information about mutation loads across the genome.

Based on the dramatic progress in next-generation sequencing over the last few years, our
knowledge about frequency and type of somatic mutations in human tissues during aging
has increased enormously. In not much more than half a decade more information on
somatic mutations in human and animal tissues and their accumulation as a function of age
has been obtained than in the previous half century. Hence, the time has come to discuss
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strategies to translate the technological breakthroughs that are now leading to a treasure
trove of data sets on /7 vivo somatic mutations into a mechanistic understanding of their
possible causal relationship with age-related cell functional loss and chronic disease. Here
we will first summarize the status of the field on the hand of the technological advances that
enabled this great progress and then discuss the possible mechanisms that can lead from
random somatic mutations to age-related cellular degeneration and disease.

How technological advances led to the first accurate account of genome

mosaicism

Mutations arise in a stochastic fashion in the different cells of a tissue. In contrast to
germline mutations that are copied from the fertilized egg to all somatic cells, postzygotic
mutations result in genetic heterogeneity within a tissue or cell population. The far majority
of postzygotic mutations are unique to each cell or recurrently present only in very small
numbers of cells. This makes their detection a major challenge, which explains the very
limited progress in our understanding of somatic mutations, their frequency, how they are
generated, their possible tissue-specificity and their relationship to human aging and disease.
The exception is cancer because tumors are essentially clones and, therefore, serve as
surrogates for the single cells from which they arose. In this section we will discuss the
technological advances that made it possible to characterize the somatic mosaicism resulting
from postzygotic mutagenesis in some detail in human tissues in relations to aging and
disease, including diseases other than cancer.

Genome mosaicism and its increased occurrence in older organism first became apparent
with the development of cytogenetic analysis. Using simple Giemsa staining of metaphase
spreads, later replaced by Fluorescent In Situ Hybridization (FISH), chromosomal
abnormalities were discovered in individual somatic cells, and were later found to increase
with age in human blood cells (Jacobs et al., 1964) and regenerating mouse liver (Crowley
and Curtis, 1963).

The most widely studied age-related chromosomal abnormality that gives rise to somatic
genome mosaicism, reported early in the 1970s from studying metaphases from human
blood lymphocytes (Jacobs et al., 1963) and bone marrow (Pierre and Hoagland, 1972), is
the mosaic loss of the Y chromosome (LOY) in males during aging, which has now been
widely confirmed with more advanced technology. LOY is defined as a lower than expected
abundance of DNA from the Y chromosome with a certain threshold of detection, for
example, as =210% of cells affected (Dumanski et al., 2016). In a recent study of 205,011
men from the UK Biobank LOY was found to affect from 2.5% of men at age 40 to 43.6% at
age 70, which makes it the most common de novo somatic mutation over the human lifetime
(Thompson et al., 2019). LOY frequency has been associated with shorter life span higher
risk of cancer, smoking, Alzheimer’s disease, cardiovascular disease, diabetes, immune
deficiencies, and other age-related diseases (Dumanski et al., 2016; Loftfield et al., 2018;
Thompson et al., 2019). LOY has a genetic component, and in the aforementioned UK
Biobank study, more than 150 autosomal genetic determinants of LOY were identified in the
male cohort. LOY is most likely a general biomarker for genome instability in somatic cells.
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Indeed, the loci found genetically associated with LOY in males were themselves genetically
associated, in a female cohort, with female cancers (breast, ovarian and endometrial cancer)
and age at natural menopause (Thompson et al., 2019). Of note, early menopause has been
genetically associated with DNA damage response (DDR) genes (Day et al., 2015). Based
on these results it is tempting to speculate that the association of LOY with a diverse series
of age-related pathologies points towards a causal role of somatic mutations in aging and
age-related disease.

While being the most common postzygotic mutation, LOY is only one among many. With
the emergence of large-scale genotyping technology about a decade ago, genome mosaicism
was found to occur at the sub-chromosomal level across the genome in blood. For example,
using SNP arrays mosaic copy number variations (CNVs) were found in 0.5% of young
individuals and 2-3% of older people (Laurie et al., 2012). With the emergence of high-
depth next-generation sequencing of specific genes or whole exomes a general pattern of
genome mosaicism was uncovered in blood, called clonal hematopoiesis. For example, in
blood genome mosaicism for specific mutations was found at loci frequently mutated in
hematologic cancers (Jaiswal et al., 2014). In all these cases the frequency of expanded
variants increased with age and was found associated with hematologic cancers, increased
mortality, increased risk of type 2 diabetes, atherosclerosis, coronary heart disease and
ischemic stroke.

More recent still, ultra-deep sequencing of DNA or RNA from multiple human tissues
showed that somatic mutations leading to genome mosaicism does not only occur in blood
but is a widespread phenomenon. For example, in numerous small samples taken across a
grid of normal esophageal epithelium from nine human organ transplant donors of different
ages, ultra-deep (>800-fold), targeted sequencing of known cancer driver genes revealed
mutant mosaics that reflect the clonal outgrowth of de novo mutations, with the number of
such mutations significantly increasing with age (Martincorena et al., 2018). Similar results
were obtained by Yokoyama et al (Yokoyama et al., 2019). Finally, the clonal expansion of
somatic mutations has been detected by RNA sequence analysis of normal tissues in the
Genotype-Tissue Expression (GTEX) dataset (collected from about 30 non-diseased tissue
types across nearly 500 individuals; https://www.gtexportal.org/home/). The results indicate
the expected age-related increase in mutations, the association of the number of mutations
with tissue-specific proliferation rate, and the enrichment of cancer-driver mutations (Yizhak
etal., 2019).

From these findings, it can be concluded that genome mosaicism in blood and in other
tissues, ranging from the loss of a Y chromosome in males to large deletions across the
genome and point mutations in genes, is common, with the frequency of expanded variants
increasing with age. These findings also confirm the aforementioned age-related increase in
mutation frequency observed using reporter systems in humans and mice. But they also
show that de novo mutations frequently expand into clonal lineages, allowing their detection
DNA from bulk tissue.

If aging and age-related diseases occur as a consequence of losing genome sequence
integrity, it raises the question of how such a random process can lead to the specific
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pathophysiology of so many different diseases. This question cannot be easily addressed by
studying mutant clones in bulk cell populations. Indeed, the ultra-deep sequencing would
uncover only the tip of an iceberg of accumulating mutations that occur independently in
every cell. To understand if and how increased mutation loads have a functional impact and
predispose to multiple diseases and intrinsic aging, we need to analyse single cells or clones
grown out of a single cell.

A number of studies have now used /n vitro clonal expansion of single cells, followed by
sequencing, to avoid the selective view generated by sequencing bulk DNA for clonal
mosaics. This approach has generated complete landscapes of somatic mutations from
progenitor cells of the small intestine, liver and colon (Blokzijl et al., 2016), from neuronal
stem cells (Bae et al., 2018), and skeletal muscle satellite cells (Franco et al., 2018), and
from bronchial epithelial cells (Yoshida et al., 2020), kidney tubular progenitor cells, fat
progenitor cells and epithelial progenitor cells (Franco et al., 2019) of human donors as a
function of age. This approach has established the total mutation loads of human somatic
cells as varying from several hundred base substitutions per genome to well over 3,000,
depending on the cell type and donor age. These data have also provided an unselected,
comprehensive view of the mutational spectra and signatures of these normal tissues, which
in turn provide insights into the mutagen exposure of these tissues. Most importantly, this
approach has enabled studying the distribution of mutations across the same genome and
their possible interactions, which is critically important in analyzing their potential collective
functional impact.

While highly informative, the quantitative analysis of somatic mutation landscapes in single
cells clonally expanded /n vitro suffers from an important limitation: de novo mutations in
postmitotic cells remain out of reach. Moreover, by its very nature, this approach exclusively
analyzes mutations in stem or progenitor cells, which generally have a lower mutation rate
than differentiated cells. This is best illustrated by the recent, direct comparison of human
liver stem cells with fully differentiated hepatocytes, showing an approximately two-fold
higher average mutation frequency in the latter (Brazhnik et al., 2020). In addition, fully
differentiated cells also displayed a much higher cell-to-cell variation in mutation
frequencies, which is probably a reflection of their position in the hierarchy of cellular
differentiation.

Direct sequencing of single cells without the selection involved in clonal outgrowth in vitro
is the method of choice because it can be applied to every cell type, including postmitotic
cell types. However, single-cell methods require whole genome amplification, which is fraud
with error. Great progress has been made recently to overcome amplification-induced errors
modification of whole genome amplification methods and the introduction of computational
ways of detecting artifacts and filter them out (Bohrson et al., 2019; Chen et al., 2017; Dong
etal., 2017; Zong et al., 2012). These improved methods showed that the total load of de
novo somatic base substitution mutations in different normal human tissues appeared to be
between several hundred and well over 5,000, depending on the tissue, the individual cell,
and the age of the donor (Brazhnik et al., 2020; Lodato et al., 2018; Zhang et al., 2019), for a
review, see (Zhang and Vijg, 2018).
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Thus far all sequencing data, from somatic clonal expansion to single-cells yielded
information on single nucleotide variants (SNVs), and occasionally small insertion and
deletions (INDELS). SNVs are not likely to cause functional changes, except non-
synonymous SNVs in protein-coding regions. Hence, these mutations are found in fairly
large numbers in normal cells (see above). Small INDELS, most of them only 1 bp insertions
or deletions, can be detected using the same principle as used for SNV detection. Their
frequency is typically less than tenfold that of SNVs in somatic cells (Franco et al., 2018),
which is explained by a much higher likelihood of causing a functional defect. The most
impactful mutations are genome structural variations (SVs), i.e., deletions, insertions,
inversions and rearrangements, such as interchromosomal and intrachromosomal
translocations, mobile element insertions, such as retrotranspositions, and loss of telomere
repeats at chromosome ends. SVs, the size of which can vary enormously from dozens of
basepairs to whole chromosomes, readily affect cellular functions due to their capacity to
rearrange gene regulatory sequences. This is reflected by their much greater role in the
diversity and evolution of human genomes, something that was already realized in the 1970s
(King and Wilson, 1975).

Because of their high functional impact SVs are now extensively studied. Thus far this has
been mainly limited to germline variation and it seems likely that the average individual may
differ from another by well over 10,000 SVs (Audano et al., 2019). While that is much less
than the 4-5 million SNVs between two individuals, they could collectively impact as many
as 20 million bp of sequence (Auton et al., 2015). We know very little about SVs in normal
somatic cells. Similar to SVs in the germline genome, the functional effect of SVs in the
somatic genome is likely to be much higher than that of SNVs.

Single-cell sequencing data are available for only two types of SVs, CNVs and
retrotranspositions; the frequency of both appears to be limited to a few events per cell (Cai
et al., 2014; Evrony et al., 2016; McConnell et al., 2013). As yet, there are no single-cell
data on other forms of SVs (such as translocations, inversions, large deletions or insertions).
It remains technically very difficult to derive accurate SV frequencies from whole genome
sequencing data, even in case of bulk DNA (Kosugi et al., 2019). However, large genome
rearrangements have been shown to increase with age in tissues such as heart and liver of the
mouse using the reporter gene approach (Dollé et al., 1997) and in human and mouse
lymphocytes using FISH (see above). Importantly, using a panel of 18 rodent species with
diverse lifespans, it has been recently shown that more robust DNA double-strand break
(DSB) repair coevolved with longevity (Tian et al., 2019). Since SVs are mostly a
consequence of erroneous repair of DNA double-strand breaks it is tempting to suggest that
the rate of SV accumulation is an important factor in determining aging rate.

In summary, based on groundbreaking technological advances, we are now able to
extensively study somatic mutagenesis and its resulting genome mosaicism, essentially in
any human cell type. This is especially true for base substitutions, which can now be
accurately called in single cells. Other types of mutations, most notably SVs, still require
new and improved analytical approaches. But while this is stil ongoing we can already begin
to address the next question: what, if any, is the functional impact of somatic mutations and
genome mosaicism? Observations of reduced proliferative capacity of primary cells with
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increased mutation burden (Franco et al., 2018) and selection against age-related
accumulation of mutations in the functional part of the genome (Zhang et al., 2019) suggests
that somatic mutations could be causally related to aging. Below we will discuss the
mechanisms that could underlie the pathogenic effects of somatic mutations and genome
mosaicism.

Pathogenic mechanisms

The main argument against a causal role for random somatic mutations in aging and aging-
associated disease has been that spontaneous mutation frequency even at old age is too low
to impair cellular function. The exception is cancer where particular driver mutations are
selected for a growth advantage. Mutation frequencies in somatic cells were considered low
because estimates were based on the mutation frequencies observed in the germline of
various species, including human, as deduced from heritable changes in proteins. Indeed, a
germline mutation frequency of about 1 x1078 per bp per generation was found for humans
(Drake et al., 1998), which proved to be almost right when later assessed by the whole
genome sequencing of parents and offspring, where all mutations found in the latter and not
in the genome of the parents (about 60 new SNVs) were used to calculate the mutation rate
per generation (Kong et al., 2012). In this case the mutation rate is almost entirely
determined by the males and particularly older males because of the much larger number of
germ-line cell divisions in sperm than in oocytes.

However, as discussed above, the new single-cell methods found many more mutations per
cell in the soma, i.e., up to several thousands of SNVs, depending on the age of the subject
and the cell type. This suggests that somatic mutation rate is higher than germline mutation
rate. Indeed, in a direct comparison between germline and somatic mutation rates in humans
and mice somatic mutation rate was found to be almost two orders of magnitude more
frequent than germline mutation rate (Milholland et al., 2017). To some extent this can be
explained by selection against deleterious mutations in the germline. However, most random
mutations have no effect. Indeed, mutation frequencies in single sperm were also found to be
low (Wang et al., 2012), albeit about 3 times as high as those obtained from genome
sequenced pedigree data. This suggests that other factors, including higher germ cell DNA
repair rates, could also play a role. Evidence for the latter has come from recent work, which
identified a process called transcriptional scanning that maintains DNA sequence integrity
specifically in testes (Xia et al., 2020).

That random mutations can have an adverse effect on fitness of cell populations, however,
has been shown in an experiment using 3 groups of 75 isogenic strains of £. coli (Elena and
Lenski, 1997). Each group harbored one, two or three randomly induced mutations. The
results indicated a log-linear decline of average fitness with the increase in the number of
mutations. Of course, this result cannot be easily extrapolated to mammalian cells because
mammalian genomes are much larger and contain more redundant sequences. As of yet there
is very little insight into the mechanism through which random somatic mutations could be
pathogenic in aging mammals. Here, we propose that there are essentially three such
mechanisms (Fig. 2).
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Clonal expansion of mutations in human disease genes.

It has been known for some time that many Mendelian genetic diseases have a somatic
mutational counterpart. The best examples are overgrowth syndromes in children, such as
Proteus syndrome, Neurofibromatosis 1 and 2, McCune-Albright syndrome, and CLOVES
disorder (Erickson, 2003, 2010). A fraction of these diseases and sometimes all cases
(because the germline variant would be lethal) are caused by somatic mutations that occur
early enough in embryonic development to affect a substantial fraction of the tissue in which
the disease manifests. Somewhat surprisingly, the fraction of cells in a tissue harboring the
disease-causing mutation can be as low as 1% and still show disease, as described for
Proteus Syndrome (Lindhurst et al., 2011). In many cases, the somatic mutation confers a
growth advantage to mutant cells (hence, the term “overgrowth syndromes”), but often the
mutation is simply clonally amplified by chance (Fig. 2A). The most dramatic example of
clonal amplification of a human disease gene is a sporadic early-onset patient with
Alzheimer’s disease, who showed somatic mosaicism for a presenilin 1 gene mutation. The
degree of mosaicism in this patient at the age of presentation was 8% in peripheral
lymphocytes and 14% in cerebral cortex with a gene dosage effect (Beck et al., 2004).

In many cases, Mendelian diseases are caused by a germ line and a somatic mutation, each
affecting an allelic copy of the same gene, such as in autosomal dominant polycystic kidney
disease, in which one allele of the polycystic kidney disease 2 (ADPKD2) gene has been
inactivated in the germline and the other by a somatic mutation (Koptides et al., 1999). The
cysts in this disease are products of clonal expansion of the second, somatic mutation.
Nephron cysts also occur in the absence of disease, during normal aging, in which case their
prevalence increases with age, perhaps because of an increase in somatic mutations. This is
one of many examples where the difference between disease and aging is blurred, with a
possible overlap in mechanism.

Postzygotic mosaic mutation as a cause of disease is not limited to monogenic Mendelian
disease. Indeed, in the complex disease autism spectrum disorder (ASD) more than 7% of de
novo, causal mutations have been identified as being postzygotic (Lim et al., 2017). These
mutations were found in blood with an alternative allele frequency of <40%. Interestingly, a
large portion of the genes affected were clinically relevant to ASD. The authors
hypothesized that the postzygotic mutations arose early in development, which is supported
by the observed enrichment of the expression of the affected genes in prenatal brain, most
notably amygdala, a part of the brain involved in emotion.

To gain an impression of the potential importance of somatic mutation expansion in human
disease genes, we estimated the prevalence of random, postzygotic mosaic mutations
affecting any known human disease genes in early development by chance alone. There are
4,200 human genes in which mutations cause Mendelian disorders or complex diseases, as
reported in the OMIM database on January 15t 2020 (Amberger et al., 2019). Based on a
reported somatic mutation rate of 2.66 x 109 per bp per mitosis (Milholland et al., 2017),
the number of amino acids encoded per gene (Brocchieri and Karlin, 2005), and the codon
usage (Nakamura et al., 2000), the chance of a human embryo to acquire a heterozygous
loss-of-function (LOF) mutation at its first zygotic division is 0.058%. This same chance
increases when the number of cell increases. For example, at the 7t cell division the chance
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an embryo is affected has increased to 1.6%. Such a mutation, i.e., at the 7th cell division,
could expand to 1% of human somatic cells only by genetic drift, enough to cause disease,
as described above (Lindhurst et al., 2011).

Of course, human development and aging cannot be explained by a simple series of cell
divisions, like a cell line in culture, but is subject to complex and hierarchically-dictated
schemes with some cells dividing much more frequently than others and others becoming
subject to apoptosis. Nevertheless, accidental somatic mutation early in development could
be a significant mechanism in the etiology of human disease, either alone or in combination
with a germline variant. In such cases, the phenotypic effects are straightforward and are
associated with the known role of the target gene(s) as a germline defect. However,
combinations of low-frequency disease gene mosaics could occur, in which case the
phenotypic effects in terms of aging phenotypes in organs and tissues are difficult to predict.
Finally, an important question is how a clonally expanded disease gene mutation ending up
as a very small fraction of cells can still have pathogenic effects. One possible mechanism
could be protein aggregation, which is a hallmark both of normal aging and of some age-
related diseases, including Alzheimer’s disease (AD). The age-related deposition of
extracellular beta amyloid (Ap) is associated with AD pathogenesis, and the resulting
aggregates have been proposed to seed their own progression and spread (Eisele et al.,
2015). In this case the pathogenic effects would be caused by a combination of clonal
expansion and prion-like self-propagation of protein misfolding.

Somatic evolution.

Evolution does not only occur in populations of organisms, but also in populations of cells
(Fig. 2B), which are genetically heterogeneous due to de novo mutations. For example,
variations have been observed in gene copy number and in gene expression and protein
levels among 14 HelLa cell strains from 13 international laboratories, cultured under uniform
conditions, with consequences for their phenotype, such as responses to Salmonella
infection (Liu et al., 2019). Similar findings were reported in an earlier study of 27 strains of
the breast cancer cell line MCF7 and other cell lines (Ben-David et al., 2018). Importantly,
single-cell derived clones quickly redeveloped genetic heterogeneity. This cell line evolution
occurred as a consequence of positive clonal selection that was sensitive to culture
conditions (Ben-David et al., 2018).

Not surprisingly, since the landmark paper by Nowell (Nowell, 1976) most attention has
been focused on the evolution of somatic cells in relation to the well-documented, age-
related increase in cancer incidence and mortality. For example, specific TP53 gene
mutations normally found in human skin tumors have also been detected in normal human
skin cells, but only after UV irradiation (Nakazawa et al., 1994). Evidence was provided that
this could only be a result of selective clonal expansion of TP53 mutant cells. More recently,
by performing targeted ultra-deep sequencing of hundreds of sun-exposed normal human
skin biopsies, Martincorena et al. discovered somatic mutations in multiple cancer genes,
including genes encoding key drivers of cutaneous squamous cell carcinomas (Martincorena
et al., 2015). These mutations could be detected because of their somatic amplification into
thousands of evolving clones because the mutations gave them a selective advantage over
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other cells without such mutations. At this stage, the skin cell clones harboring the mutations
were still normal skin cells. These results were mostly interpreted in terms of cancer and
tumors can be driven by mutations occurring in the still normal cells when exposed to a
natural mutagen. However, cancer genes were the only genes analyzed and a more objective
way of describing the phenomenon would be as an example of somatic evolution of
mutations expanded in a tissue, because they provide the normal cell with a growth and/or
survival advantage.

Another example of mutations enriched by somatic evolution in tissues exposed to a
mutagen is the observation of cancer driver mutations in normal lung tissue of smokers.
Frankling et al observed a single, identical point mutation in TP53 in microdissected
bronchial epithelium from multiple sites in both lungs of a subject showing dysplastic
changes in the respiratory epithelium, but no cancer (Franklin et al., 1997). The mutation
was not found in blood or other organs and must have come from an expanded bronchial
epithelial clone in the bronchial mucosa. Indeed, using bronchial epithelial cell clones for
detecting somatic mutations across the genome, an approach described above, Yoshida et al
(YYoshida et al., 2020) demonstrated that smoking increases overall somatic mutation
frequency, with 25% of the cell clones sequenced carrying cancer driver mutations. They
found a number of known cancer driver mutations, most notably NOTCH1, TP53 and
ARID2, under positive selection in normal bronchial epithelium. Naturally, these somatically
expanded mutations in cancer driver genes were assumed to eventually lead to cancer.

However, there is evidence that somatic evolution also causally contributes to age-related
diseases other than cancer. It has been proposed that acquired somatic mutations in cancer
driver genes that have been frequently found in human bronchial epithelium of smokers,
such as TP53, Ras, PTEN, enhance the inflammation and oxidative stress associated with
chronic obstructive pulmonary disease (COPD), which is caused mostly by cigarette
smoking but without known etiology (Anderson and Bozinovski, 2003).

Somatic evolution has also been considered a potential mechanism for cardiovascular
disease, like cancer a major age-related disorder (Andreassi, 2003). The pathogenesis of
atherosclerosis has been proposed to involve an inflammatory response to injury and thus
cell proliferation. The monoclonal nature of the smooth muscle cells in human
atherosclerotic plaques (Benditt and Benditt, 1973) could reflect expansion of mutant cells.
Later, evidence for genomic instability in atherosclerotic cells has indeed been reported
(Arvanitis et al., 2005; McCaffrey et al., 1997), leading to the hypothesis that expansion of
mutant cells could be a major causal factor in cardiovascular disase. However, the nature of
the mutant genes(s) remains unknown (Andreassi, 2003). Interestingly, advanced
atherosclerotic lesions contain senescent cells, which can further drive pathology through an
increase in the expression of atherogenic and inflammatory cytokines and chemokines
(Childs et al., 2016). Cellular senescence is the permanent cessation of cellular proliferation,
which is often induced by DNA damage and genome instability (Andriani et al., 2019;
Campisi, 2013).

More recent data show that the inflammatory end point in cardiovascular disease can also be
reached through somatic evolution in blood cells. Indeed, partial bone marrow reconstitution
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in mice with TET2-deficient cells led to the clonal expansion of these cells and a marked
increase in atherosclerotic plaque size (Fuster et al., 2017). While the mechanism of its
selective advantage is not entirely clear, all Tet2 deficient cells appear to have enhanced
proliferation, which explains their enrichment during aging in hematopoietic cells (Jaiswal et
al., 2014).

In addition to a cell growth advantage, mutations can be positively selected by preventing
cell death. Using ultra-deep, whole-exome sequencing of post-mortem hippocampus from
Alzheimer’s disease patients, clonally expanded somatic mutations were found to increase
with age and were significantly enriched for PI3K-AKT, MAPK, and AMPK pathway genes,
which are involved in tau phosphorylation (Park et al., 2019). Hyperphosphorylation of tau,
which is the main component of neurofibrillary tangles and a hallmark of AD, prevents the
apoptosis of neuronal cells in rodents (Li et al., 2007). This mechanism could promote the
survival of these mutant cells. As we have seen, even if only a few cells in the hippocampus
are affected by these mutations, the protein aggregates could spread from each cell to their
surrounding neighbors, as discussed above for beta amyloid.

In summary, in tissues of mammals the adaptive landscape of somatic evolution during aging
is similar to the adaptive landscape of evolution (Wright, 1931), but from a different
perspective. Indeed, in the aging soma, selection for fitness among individual cells tends to
move them away from their optimal peak of functioning in concert with other cells in their
host to a more selfish pattern of genetic variation. This pushes the aging process towards loss
of functionality and increased risk of disease, most notably loss of proliferative homeostasis,
e.g., neoplasia, fibrosis, inflammation, since long recognized as a major aging-related
phenomenon (Martin, 2007).

Mutational networking.

As we have discussed, there is now ample evidence that somatic cells carrying mutations in
known human heritable disease genes can clonally expand during development and can
contribute to diseases other than cancer. In addition, certain acquired gene mutations that are
not by themselves disease-causing can confer a selective advantage to the cell, which
expands and gradually erode organ and tissue functioning due to increasingly selfish
behavior. While the magnitude of the adverse effects of these events in aging still await more
extensive studies, there is a third possible mechanism by which randomly accumulating
mutations eventually affect cell fitness. This does not require clonal outgrowth and depends
on the penetration of such mutations in the DNA sequence components of the gene
regulatory networks (GRNSs) that provide function to a mammalian organism throughout its
life time (Figs. 2C and 3A). Virtually all mutations would accumulate not in the about 1%
protein-coding part of the genome but in the gene regulatory regions that make up
approximately 11% of all genome sequences (Kellis et al., 2014).

The topology of GRNs is scale-free, which makes them mutationally robust and minimizes
the possibility of a deleterious mutation severely affecting function (Albert et al., 2000).
However, GRNs are not immune to mutational effects. Indeed, their very structure - which
dampens the effects of mutations - also serves specific biological functions that could be
affected by mutations. For example, the most abundant network motif in GRNs, from
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fruitflies to humans, is the “feed-forward loop” (Boyle et al., 2014). This network motif
serves to accelerate or delay the response of a cell to external stimuli (Mangan and Alon,
2003). Even a slightly deleterious mutation could change the kinetics of this process,
affecting the time-accurate manner of the response (Fig. 3B). Since GRNs consist of many
genes, and many more gene regulatory sequences, the chance that such deleterious mutations
might affect network functions is not insignificant. Different sets of random mutations could
adversely affect the same GRN through various synergistic interactions. Indeed, a network
of 193 noncoding loci has been identified in which different sets of mutations disrupt target
gene expression in 88% of tumors in 930 patients across 22 cancer types (Zhang et al.,
2018).

Accumulated mutations in GRNSs could explain the defects in cell signaling that have been
observed with age (Greer and Brunet, 2008). Cells respond to environmental challenges,
such as temperature changes, infections and a variety of other stressors through GRNs and
their networks of regulatory interactions. While the dynamics of these complex networks in
humans are far from understood, their actions are ultimately based on genes and the
regulatory sequences that control their expression. Each of the genes in an GRN that is
active in a given cell has to work in concert to ensure the specific function, fitness and
survival of that cell. All these genes must be expressed at the proper time and in the proper
amounts to ensure the appropriate functional output. Of note, normal aging is not the
complete abrogation of particular life processes but the gradual erosion of the efficiency of
such processes. Examples are thermoregulation, vaccine responses and short-term memory,
which are all reduced in elderly but far from completely ablated. Such decline in function
could well be explained by the gradual accumulation of weakly deleterious mutations in
GRN components (Fig. 3). Naturally, the key question is how mutation accumulation in
GRNs would translate in phenotypic deficiencies. One possibility is through transcriptional
noise.

Transcriptional noise, increased cell-to-cell transcriptional heterogeneity in a tissue, organ or
cell population, is a predicted consequence of mutation accumulation in GRNs. Elevated
transcriptional noise was first discovered in both housekeeping and cell-type specific genes
in cardiomyocytes of old mice (Bahar et al., 2006). Later, increased transcriptional noise was
demonstrated in activated T lymphocytes of aged mice (Martinez-Jimenez et al., 2017) and
more recently it was shown that most cell types in the mouse lung show increased
transcriptional noise at old age (Angelidis et al., 2019). Transcriptional noise has also been
demonstrated in the human pancreas among islet endocrine cells from older donors (Enge et
al., 2017). In this study both transcriptional noise and somatic mutation load was shown to
be increased in aged human pancreas. Interestingly, cells with high levels of transcriptional
noise displayed an increase in non-cell type-specific hormone expression. The authors
suggested that such a drift in cell fate could explain the decrease in fitness and organ
function associated with aging.

One of the most widely studied molecular changes during aging is telomere attrition, which
can cause cellular senescence (Bodnar et al., 1998; Campisi, 2013). The accumulation of
senescent cells with age can have adverse effects (Campisi, 2013). Interestingly, telomere
attrition can also contribute to transcription noise. Using isogenic pairs of human primary
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cells in culture with long or short telomeres, expression profiles of genes close to the
telomeres were found to be altered with telomere length (Robin et al., 2014). While it is as
yet unclear if this finding is relevant in vivo, this mechanism could increase transcriptional
noise without the need for telomeres to become critically shortened and cause senescence or
cell death.

Apart from non-cell type-specific gene expression and a loss of cell-to-cell coordination in
responding to external stimuli, transcriptional noise can also lead to stoichiometric
imbalances in protein macromolecular assembly, which is essential for most biological
processes. The subsequent, unpartnered components may misfold and accumulate, leading to
protein aggregation, which is associated with multiple age-related diseases, especially
neuronal degeneration (Lindner and Demarez, 2009). Crude examples of this are the dose
imbalances caused by CNVs and by loss-of-function mutations (Meitia et al., 2017). For
example, PINI loss-of-function somatic mutations in the brains of Alzheimer’s disease
patients cause haploinsufficiency, which increases tau phosphorylation and aggregation
(Park et al., 2019).

While amply confirmed and likely to explain at least some of the adverse effects of aging, it
remains unclear if transcriptional noise is caused by somatic mutations. Indeed, while the
somatic mutation rate is at least an order of magnitude greater than originally assumed based
on estimated germline mutation frequencies (Milholland et al., 2017), even a few thousand
SNVs genome-wide may not affect the expression of a large enough number of genes to
cause transcriptional noise. Of course, SNVs are the only mutation type for which we know
accurate numbers per cell, with other mutations not yet quantitatively analyzed to the same
extent, e.g., SVs, could also accumulate with age and have a much greater functional impact
On gene expression patterns.

Alternatively, epimutations, i.e., alterations in the epigenome that control gene expression
patterns through chromatin alteration, such as DNA methylation or histone modification, but
do not involve changes in the DNA coding sequence, have been proposed to play a more
important causal role in aging and disease, possibly through transcriptional noise (Enge et
al., 2017). Using single-cell bisulfite sequencing epimutation frequencies of CpG DNA
methylation have been observed in mouse liver hepatocytes at least two orders of magnitude
higher than somatic mutation frequencies (Gravina et al., 2016). While this suggests that
increased epimutations are more likely to play a causal role in the observed increase in
transcriptional noise, the effect of a single DNA sequence alteration on average could be
much greater than that of a single epimutation. For example, CpG DNA methylation sites
may act collectively in controlling gene expression. In other words, many epimutations may
be needed to cause the same effect as one sequence alteration.

Nevertheless, epimutations have been identified as bona fide disease-causing events,
sometimes directly in somatic cells and sometimes indirectly through genetic mutations in
epigenetic modifiers that affect chromatin (Zoghbi and Beaudet, 2016). However, as
compared to mutations affecting DNA sequence, well-documented cases of epimutations as
a cause of human disease are scarce, possibly because the impact of the average epimutation
is not as high as that of a mutation. Naturally, compared to DNA sequence alterations, the
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field of epimutations as stochastic causes of disease and aging is still in its infancy with little
information on epimutational mosaicism. Ultimately, to compare the relative effects of
mutations and epimutations in influencing the transcriptome would require the simultaneous
sequencing of DNA and RNA from the same cell, as well as computational methods to
evaluate the (epi)mutational effect on target-gene transcription and regulatory network
kinetics, which are now being developed (Dey et al., 2015; Zhou et al., 2018).

In summary, the genome’s distributed functional organization and high level of integration
of the many sequence features that encode specific cellular functions provide robustness and
a very high level of redundancy. Initially, therefore, genomes can tolerate fairly high levels
of mutation. However, at some point, this type of genome functional organization will begin
to amplify the effects of multiple, random mutations. It is possible, therefore, that even with
a linear increase in somatic mutations with age, their effects on health and mortality would
be exponential, begin to increase rapidly in middle age, following the same Gompertz
kinetics as the increase in mortality and disease incidence during the lifetime.

Conclusions

The considerable advances in DNA sequencing technologies over the last decade have
provided us with the first accurate picture of the aging-related landscape of somatic
mutagenesis. Increasing evidence has revealed that a continuous trickle of de novo mutations
in the soma, from early embryogenesis through to adulthood and old age, can cause disease -
not only cancer but also a large variety of non-cancer-related disorders. The most surprising
finding thus far has been the ubiquity and high frequency of somatic mutations. Whether this
is sufficiently high to explain a considerable part of age-related functional decline and
disease, alone or in conjunction with epimutations, remains to be tested. Irrespective of a
possible causal role of somatic mosaicism in aging, somatic mutations are not the only cause
of aging.

Trying to explain aging in terms of a singular process would be in conflict with evolutionary
theory. Even if the loss of genome sequence integrity is the most conserved cause of aging
and was already active in the first replicators (Vijg, 2007), natural selection would allow a
multitude of mutations with late adverse effects to accumulate in the germline, many of
which would be positively selected for because of their beneficial effects early in life
(Williams, 1957), In this respect, somatic mutation accumulation could be a conserved,
inevitable cause of aging, but superposed upon multiple other processes that usually cause
the earlier demise of an individual.

Nevertheless, it is clear that previous ideas of a stable genome have now been replaced by a
much more dynamic view of considerable cell-to-cell variation in genome structure and
function. The purpose of this Perspective was to focus attention on the recent flood of
quantitative data on somatic mosaicism, driven by technological advances, that allows for
the first time to test if the progressively volatile genome sequence organization could be
causally related to aging. The main challenge ahead is to fully characterize mosaic genomes
in human tissues in relation to aging and disease. Continuous progress in single-cell
sequencing technologies should provide us with such a comprehensive picture in the years
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ahead, allowing us to make much better estimates of the magnitude of genome mosaicism
and its causal relation to human disease and aging. To understand the functional
consequences of genome mosaicism, we need to learn how de novo mutations can affect
phenotype. This will be greatly facilitated by the current explosion of single-cell, multi-
omics technologies (Chappell et al., 2018), which will allow genome alterations to be
directly connected to changes at the epigenome, transcriptome and proteome level. Such an
integrated analysis of the effect of genome sequence erosion on cell, tissue and organismal
phenotypes will eventually allow drawing specific conclusions about the role of somatic
mutations as a causal factor in aging and age-related diseases.
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Box 1.
Physiological role of somatic mutations

Somatic mutagenesis fulfils some important physiological roles. For example, somatic
hypermutation generates immunological diversity to produce high-affinity antibodies
through the accumulation of point mutations at a very high rate in the V-regions of the
immunoglobulin heavy and light chains of B lymphocytes (Odegard and Schatz, 2006).
Somatic hypermutation occurs during differentiation in the germinal centers of the
lymphoid organs and is mediated by activation-induced cytidine deaminase (AlID), which
catalyzes targeted deamination of deoxycytidine residues in DNA, turning them into
uracil. This leads to mutations at C:G and neighboring A:T base pairs (Di Noia and
Neuberger, 2007; Zhang et al., 2019). This process allows vertebrates to produce a vast
repertoire of antibody molecules to combat infection.

Somatic mutations might also have important roles in the brain (Paquola et al., 2017) and
liver (Duncan et al., 2012). In the brain, most neuronal populations are postmitotic and
cannot be renewed, with the exception of the hippocampus and subventricular zone
(Gage, 2019). Somatic mutations generated early in development would therefore remain
present until old age, generating individual physiological diversity in brain function.

The liver has a very high frequency of aneuploidy, possibly up to 50% of all cells
(Duncan et al., 2012) and can regenerate, probably because it is heavily exposed to
xenobiotics. This means that it can select specific aneuploid karyotypes to adapt to
chronic liver injury. Recently, de novo mutations in specific genes have been found to be
enriched for in liver of human cirrhosis patients, including in PkdZ, Kmt2dand Aridla,
that were subsequently demonstrated to promote hepatic clonal fitness and regeneration
in mice (Zhu et al., 2019).
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Fig. 1. Causes and consequences of somatic DNA mutations
Different types of DNA damage occur daily in every cell of an organism, including strand

breaks, base modifications, and cross links. This damage is rapidly repaired through a large
variety of pathways. However, errors that occur during DNA repair and replication result in
de novo mutations, which range from single nucleotide variations to chromosomal
aberrations. In contrast to DNA damage, mutations are irreversible and, therefore, inevitably
accumulate over time. When mutations occur in germ cells, they become substrates for
evolution, giving rise to diverse life forms and to genetic disease. When they occur in the
soma, mutations can result in somatic genetic diseases, age-related diseases and possibly

aging.
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Fig. 2. Pathogenic mechanisms of somatic genome mosaicism
De novo mutations occur and accumulate at all stages during the lifespan of an organism.

(A) Mutations that occur early in development are likely to expand clonally, resulting in
substantial proportions of cells in a tissue carrying the same mutation, even in the absence of
selection. When such mutations disrupt genes associated with Mendelian diseases, their
adverse effects may be similar to that of the germline mutations, depending on the
proportion of cells affected by the mosaicism. (B) Cells in adult tissues that acquire de novo
mutations may clonally expand in a process called somatic evolution. Such selfish mutations
can form substantial clonal lineages, which may cause cancer and other age-related diseases
that involve loss of proliferative homeostasis, such as atherosclerosis. (C) In each cell,
mutations accumulate across its genome, including in those sequences that participate in
functional networks. This may result in transcriptional noise, which in turn are likely to
affect the signaling networks that are critical for maintaining organismal homeostasis.
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Fig. 3. How can mutation accumulation affect functional output of gene regulatory networks?
Cellular and organismal function is organized in complex gene regulatory networks (GRNSs)

involving interactions between large numbers of gene and their regulators, typically genes
and their cis- and trans-acting elements. (A) Mutations inevitably accumulate in elements of
each functional network in a stochastic manner. While initially insufficient in number to
have an effect, eventually these mutations will collectively diminish the functional output of
the GRN in an increasingly large number of cells, possibly through increased transcriptional
noise (see text). (B) Increased noise in GRNs could explain defects in kinetics of cell
signaling during aging, in which the response to external stimuli is blunted.
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