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Abstract

Damage to the repository of genetic information in cells has plagued life since its very beginning
3-4 billion years ago. Initially, in the absence of an ozone layer, especially damage from solar

UV radiation must have been frequent, with other sources, most notably endogenous sources
related to cell metabolism, gaining in importance over time. To cope with this high frequency

of damage to the increasingly long DNA molecules that came to encode the growing complexity
of cellular functions in cells, DNA repair evolved as one of the earliest genetic traits. Then as
now, errors during the repair of DNA damage generated mutations, which provide the substrate
for evolution by natural selection. With the emergence of multicellular organisms also the soma
became a target of DNA damage and mutations. In somatic cells selection against the adverse
effects of DNA damage is greatly diminished, especially in postmitotic cells after the age of

first reproduction. Based on an abundance of evidence, DNA damage is now considered as the
single most important driver of the degenerative processes that collectively cause aging. Here |
will first briefly review the evidence for DNA damage as a cause of aging since the beginning

of life. Then, after discussing the possible direct adverse effects of DNA damage and its cellular
responses, | will provide an overview of the considerable progress that has recently been made in
analyzing a major consequence of DNA damage in humans and other complex organisms: somatic
mutations and the resulting genome mosaicism. Recent advances in studying somatic mutagenesis
and genome mosaicism in different human and animal tissues will be discussed with a focus on
the possible mechanisms through which loss of DNA sequence integrity could cause age-related
functional decline and disease.
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Mutations accumulate in the somatic cells organs and tissues during the aging process. Some
mutations clonally expand (orange cells), with cancer as an example.
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Life is based on replication and its accompanying errors. Replication assures self-
perpetuation, and replication errors provide for the diversity of life when acted upon by
natural selection. The first protocells that arose 3—4 billion years ago were likely based

on RNA as their information carrier (Joyce and Szostak, 2018). These cells were no more
than a few catalytic RNAs (ribozymes) that exhibited polymerase-like activity. These RNA
replicases became shielded from the outside world by a fatty acid membrane and could make
copies of each other. They were subdivided among daughter cells when the continuously
added lipids to the membrane made the protocell unstable, prompting it to split in two.
Errors in the replication process would most of the time lead to defective replicases,

but sometimes better ones. Occasionally, erroneous replication must also have generated
other ribozymes that could carry out additional biochemical functions. This error-generated
diversity was driving evolution by natural selection. Errors and natural selection do not
strictly need compartmentalization, but this has the major advantage that all interacting
molecules stay close to one another. In a non-compartmentalized world they would diffuse
away, with improved ribozymes benefiting other molecular systems, which makes selection
based on individual entities more difficult. Hence, selectable traits arose very early in the
history of life (de Duve, 2005).

In the proto-world of life, RNA acted as both genotype and phenotype. Soon, the phenotype
became more complicated with the introduction of proteins. As demonstrated by Miller
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and Urey in 1952, amino acids could, under the right conditions, form spontaneously

in the primordial soup (Miller, 1955). These developed into peptides and then proteins,
made contact with the RNA genome and eventually gave rise to the genetic code, i.e., a
correspondence between nucleotide and amino acid coding units (Alberti, 1997). The switch
from RNA to DNA was mostly driven by the greater chemical stability of DNA based on
the deoxyribose in its sugar-phosphate backbone. This must have been a major factor in
allowing much greater lengths of nucleic acid template to be maintained without breakage
and, therefore, the possibility to encode more complex information (Leu et al., 2011). That
was also the time of our last universal common ancestor (LUCA) before life would split
into the three domains: Archaea, Bacteria and Eukarya. LUCA could still have had an RNA
genome (Glansdorff et al., 2008).

DNA and protein-based systems are now common to all life on planet Earth. However, DNA
is not a stable molecule and it is difficult to see how the evolution from short RNA genomes
to ever longer, more complex DNA genomes could have taken place without the early
emergence of a system to repair the ubiquitous DNA damage. This explains why DNA repair
is such a highly conserved system and shared by all organisms we know. It has been argued
that the oldest form of DNA repair is recombinational repair, hypothesized to have arisen as
a form of sexual reproduction and then coopted to remove DNA damage through exchange
with a partner generating a genetically altered individual (Bernstein et al., 1987). Indeed,
RecA recombinase was already present in LUCA (Aravind et al., 1999). However, in spite of
the critical need for DNA repair for short-term survival, ‘evolvability’, that is, the ability to
generate a certain level of mutations for evolution to work with, is equally important on the
long term. Hence, depending on the niche conditions a fine balance between error-free and
error-prone repair must be kept.

Interestingly, an aging process is already implicit in these early life forms. In between

each protocell generation there was a time period in which the biochemical processes were
carried out necessary for growth of the protocell and replication of its biomolecules, with
its inevitable errors. We could call this intergenerational process aging, the progressive loss
of function at the macromolecular level (Figure 1). Aging in unicellular organisms has
often been considered as non-existent because of the lack of a clear distinction between

the soma and the germline. But this view has now been abandoned based on careful

studies of unicellular organisms, such as Escherichia coli and Schizosaccharomyces pombe.
These studies indicate that E. coli (Proenca et al., 2019) and S. pombe (Minois et al.,

2006) do age without necessarily resulting in mortality of a whole population of cells. In
unicellular organisms competition for those least damaged can provide indefinite survival of
the population despite individual degradation.

Like populations of unicellular organisms, multicellular organisms also accumulate damaged
cells. However, selection in somatic tissues for least damaged cells is very limited. Hence,
aging of the soma eventually results in the death of the individual organism, with some
exceptions. The freshwater polyps of the genus Hyadra, when asexually reproducing, can live
indefinitely. This is probably for the same reason most unicellular species are immortal, i.e.,
the continuous renewal of somatic cells from stem cells with their ample opportunity for
selecting the least damaged cells (Martinez, 1998; Sun et al., 2020).
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Based on the above it is not surprising that the primary cause of aging was initially sought
in random errors in DNA and/or protein. While theories of DNA and protein aging have
been proposed since the 1950s, shortly after the discovery of DNA and the genetic code,
definite answers remain lacking mostly due to technical limitations. Instead, the focus in
aging research has moved to more accessible features such as hallmarks of aging and the
discovery of interventions that appear to delay these processes. However, | would argue
that in the absence of a detailed understanding of the basic mechanisms of aging, research
into therapies will essentially targeting symptoms. Here | will focus on the first primary
mechanism of aging that has shown itself amenable to quantitative testing: postzygotic
accumulation of mutations in the genome of somatic cells. | will first describe how genome
instability in humans and most other metazoa arises, how mutations accumulate in different
cells and tissues of aging humans and mice, and how they could possibly contribute to the
functional loss and increased disease risk at old age. Finally, I will briefly discuss possible
strategies to therapeutically target the effects of somatic mutations.

DNA damage as a driver of aging

DNA is only sufficiently stable to serve as the carrier of genetic information in the presence
of systems to maintain its integrity by repairing damage accurately. As mentioned above,
RNA and DNA damage must have occurred frequently during early life conditions, which
explains why DNA repair emerged as one of the most conserved genetic traits. However,
under physiological conditions in “modern” organisms, DNA is also subject to extensive
decay mostly from endogenous sources (Lindahl, 1993). The most common source of
damage is hydrolysis. Due to extensive hydrolysis in the aqueous environment of the human
body there is a high frequency of base loss, mostly depurinations, estimated at 10,000

per cell per day. Depyrimidinations also occur but at a much slower rate. Then, there is
deamination of cytosine and 5-methylcytosine, various forms of alkylation damage and,
most of all oxidative damage. The same aerobic conditions that led Harman to postulate his
free radical hypothesis of aging (Harman, 1956), also guarantee a large influx of oxidative
DNA damage, which can be several tens of thousands of lesions a day, as byproducts

of oxidative respiration, metabolic processing of environmental toxins or products of
macrophages and neutrophils at sites of inflammation and infections (De Bont and van
Larebeke, 2004).

Under normal conditions environmental sources of DNA damage are less important than
endogenous damage. The most frequently encountered environmental DNA lesions are
pyrimidine dimers and other photoproducts induced by UV mostly in skin, due to sun
exposure, and the large variety of lesions induced by tobacco smoke predominantly in
lung. Less frequent are the DNA single- and double-strand breaks induced by radioactive
radon gas that can accumulate indoors or through radiation associated with various medical
diagnostic and treatment procedures. Rarer still are the guanine adducts of aflatoxins,

a genotoxicant found in contaminated peanuts, and various other less frequent types of
damage (Li and Sancar, 2020). While environmental damage is related to lifestyle factors,
endogenous damage is unavoidable although there is evidence that lifestyle also in this
case can make a difference. For example, dietary restriction extends life span in multiple
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animal species and was found to reduce age-related DNA damage (Vermeij et al., 2016) and
mutations (Garcia et al., 2008).

The very high numbers of DNA lesions induced in a cell each day are quickly processed
by the different components of the genome maintenance system in coordination with other
cellular processes, such as replication, transcription, chromatin remodeling, apoptosis and
cellular senescence (Jackson and Bartek, 2009). While loss of individual DNA repair
pathways is compatible with life, DNA repair overall is highly conserved and absolutely
essential for cell survival. This is why DNA repair appeared so early in the evolution of
life forms (above). Virtually all DNA damage as soon as it is induced in a cell is repaired,
usually in minutes. This is true for the most frequent lesions, such as base loss and single-
strand breaks, but not for all forms of damage. For example, DNA double-strand breaks are
rare, difficult to repair and extremely toxic. There may be many unidentified, rare forms of
DNA damage that may not be repaired or repaired very slowly (Schmeiser et al., 2014).

The main DNA repair pathways are schematically depicted in Figure 2 (Chatterjee and
Walker, 2017). Specific DNA lesions can be excised by base excision repair or nucleotide
excision repair, exchanged for a correct copy of the affected strand through homologous
recombination, usually with a sister chromatid as template, breaks can be reannealed and
telomere breakdown fixed or prevented by the enzyme telomerase. Small lesions can also be
ignored during replication through a tolerance mechanism.

While DNA repair has come into existence very early after the origin of life to guarantee
survival (above), it has never been perfect. Then, as now, DNA repair or DNA replication
errors are the ultimate source of mutations, i.e., permanent changes in the genome’s
information content. Such errors are responsible for the perpetuation of life and now plague
us as the cause of genetic disease, including cancer. DNA mutation rates differ greatly
between species and are likely to be lower in cells from long-lived species (Vijg, 2007).
However, mutation rate will never evolve to zero because of the high cost of near perfect
genome maintenance (Sniegowski et al., 2000). Of course, the absence of mutations would
no longer allow evolutionary adaptation. The cost of fidelity is not the only factor that
determines mutation rate of a species. Sexual recombination is capable to clear deleterious
mutations from the genome or combine beneficial mutations (Barton and Charlesworth,
1998).

Hence, damage to the genome has always been a critical component of life rather than

just being a nuisance to our modern world. However, that does not necessarily make it a
primary cause of aging. Still, there are objective reasons for DNA as the primary target of
the aging process. First, there is the nature of the genome as the irreplaceable repository of
all genetic information a cell needs to provide function. While other cellular components,
most notably proteins, have been proposed as major targets of aging, these can theoretically
all be replaced provided there is still an intact primary DNA template. Hence, damage to the
primary template would be most critical. Albeit not new (Hirsch, 1978), this argument has
lost nothing of its logic.
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Second, there is general consensus that cancer is caused by somatic mutations (Nordling,
1953; Nowell, 1976). Cancer risk increases exponentially with age, which is best explained
by an accumulation of mutations due to the continuous exposure to a wide variety of
exogenous and endogenous DNA damaging agents in interaction with other factors such as
changes in apoptosis rate or immune surveillance (Rozhok and DeGregori, 2019). A critical
issue is whether DNA damage can also explain aging phenotypes other than cancer. This
point has been argued in the past, most notably by Burnet, who considered the accumulation
of somatic mutations as the most logical explanation of a range of aging-related phenotypes,
from the decline in immune response to arteriosclerosis and senile dementia (Burnet, 1974).
This remains a critical question, which I will further address below.

A third argument, and one that emerged fairly recently by comparison, is the series of
observations that led to the realization that heritable mutations in components of genome
maintenance often lead to premature aging. Human progeroid syndromes were considered
as such almost a century before the discovery of DNA (Martin and Oshima, 2000; Navarro
et al., 2006). It was only much later that all these syndromes proved to be based on a
defect in genome maintenance. The last decade or two has seen a remarkable stream of
experimentation indicating that all the genetic traits underlying progeroid diseases, such as
Werner’s and Cockayne’s syndrome, are components of DNA repair, with even the lamin
defect underlying Hutchinson Gilford Progeria Syndrome associated with DNA damage
responses (Liu et al., 2005). Mutations targeted to these and other genome maintenance
genes in mice often also result in premature aging (Hasty et al., 2003). It has been argued
that such premature aging is often far from a complete phenocopy of normal aging and may
not share the same mechanisms (Miller, 2004). While this is a valid argument, it overlooks
the fact that only heritable mutations that affect genome maintenance have been found
associated with progeroid phenotypes. Heritable mutations in other complex gene families
that can be considered as longevity assurance systems, such as P450-based detoxification,
autophagy, proteostasis, immune response and antioxidant defense, have never been found
widely associated with multiple symptoms of aging occurring prematurely.

How could DNA damage drive aging in humans or mammals in general? There are
essentially three types of adverse consequences of the steady stream of DNA lesions and
their processing by the DNA damage response systems: (1) direct effects of the lesions on
DNA replication or transcription; (2) cell elimination or cessation of cell replication; and (3)
DNA mutations (Figure 3). These adverse consequences are not mutually exclusive. Here

I will discuss the first two consequences only briefly and focus mostly on DNA somatic
mutations, an area of research that has recently seen some remarkable progress.

3. Direct effects of DNA damage

DNA damage as a possible direct cause of aging was first postulated by Alexander
(Alexander, 1967) and became generally accepted as a bona fide theory of aging once the
very high levels of spontaneous DNA damage and the absolute requirement of advanced
DNA repair were realized (Hoeijmakers, 2009; Lindahl, 1993). However, the problems with
this theory became apparent when it proved to be almost impossible to quantitatively detect
spontaneous DNA damage in primary cells or tissues. While many lesions are induced in
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DNA under physiological conditions, DNA repair keeps the steady state level very low. The
methods most commonly used, i.e., gas chromatography, HPLC, proved to be fraud with
error (Collins et al., 2004). The limit of detection of most of these methods is in the order of
1 lesion per 100,000 base pairs and it proved difficult to validate the frequencies of various
lesions, most notably oxidative lesions. However, there are some exceptions. Using a very
sensitive mass spectrometry method cyclopurines, rare substrates for nucleotide excision
repair, have been found to accumulate with age in different tissues of the mouse, up to about
3 per million nucleotides (Wang et al., 2012). This underscores the very low frequency of
DNA lesions accumulating with age. However, even very low numbers of DNA lesions can
interfere with DNA replication by blocking replication forks. This would adversely affect
mitotic activity, especially at higher levels of damage. A relatively low number of lesions
can also interfere with transcription due to the very large size of primary transcripts.

Probably the most functional way of testing for increased DNA damage with age is through
the tendency of lesions to inhibit DNA template-dependent synthesis, such as in PCR or
transcription. Inhibition of long distance PCR has been used as a method for estimating
DNA damage levels, using different doses of UV light for calibration. Using this method
PCR inhibition in liver of old mice as compared to liver of young mice has been interpreted
as a slight increase in spontaneous DNA damage. Such inhibition was observed in liver but
not in brain (Maslov et al., 2013). Interestingly, a decline of expression of long relative to
short genes consistent with stochastic transcription blocking lesion accumulation has also
been reported for aging rat liver and aging human hippocampus. This transcription stress
was found to be increased in mice harboring DNA repair defects and showing multiple
symptoms of premature aging (Vermeij et al., 2016). Subjecting these mice to dietary
restriction, a condition that increases life span in different species including the mouse,
was demonstrated to reduce transcription stress and increase life span of these DNA repair
mutant mice almost 3-fold (Vermeij et al., 2016). In addition, prematurely aging mice due
to a DNA repair defect were found to display a time-dependent decline of nascent RNA
production, which also suggests the accumulation of transcription-blocking DNA damage
in the genome during (premature) aging (Milanese et al., 2019). These results suggest that
DNA damage accumulates over the lifetime, which could be a primary causal factor in the
aging process through its effects on transcription.

4. Cellular consequences of DNA damage

In addition to direct effects of DNA damage on transcription, also the cellular responses to
DNA damage could contribute to aging. For example, as part of the DNA damage response,
when threatened to be overwhelmed by DNA damage, cells can undergo apoptosis or
cellular senescence (Ciccia and Elledge, 2010; d’Adda di Fagagna, 2008). When occurring
frequently enough such responses could lead to atrophy and a loss of mitotic capacity.

The latter could adversely affect the regenerative capacity of stem cells. In addition,

cellular senescence, i.e., permanent cessation of cell division capacity, could not only affect
cellular redundancy but may also exert other deleterious effects, most notably inflammation.
Increased inflammation, or inflammaging, a term coined by Franceschi (Franceschi et al.,
2018), is a hallmark of aging.
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Both apoptosis and cellular senescence are hallmarks of aging. However, these processes
are rare events in vivo, even at very old age (Hinkal et al., 2009) and there is no

evidence that we age and die because we run out of cells. But even very few senescent
cells could cause inflammation through the senescence-associated secretory phenotype
(SASP). First described by Campisi (Coppe et al., 2008), senescent cells secrete high levels
of inflammatory cytokines, immune modulators, growth factors, and proteases. Systemic
chronic inflammation can lead to age-related diseases, such as cardiovascular disease,
cancer, diabetes, chronic kidney disease, osteoarthritis, fatty liver disease and autoimmune
and neurodegenerative disorders. Senescent cells are drivers of a large number of these
diseases (Campisi et al., 2019).

Hence, while apoptosis in response to DNA damage is unlikely to play a major causal

role in aging, accumulated senescent cells even in small numbers could contribute to many
age-related diseases. Whether DNA damage-induced cellular senescence is a major driver of
aging is unknown. In this respect it would be important to better define cellular senescence
(Gorgoulis et al., 2019). A lack of suitable markers makes it very difficult to conclusively
argue that a cell is senescent, i.e., driven into a permanently quiescent state as an end point
of the DNA damage response, or merely a dysfunctional, worn-out cell.

5. Somatic DNA mutations and genome mosaicism

As explained earlier, mutations result from the inherent infidelity of DNA replication and
repair of a damaged template. In contrast to DNA damage itself, mutations are irreversible
because the original template for making a new copy is lost. Mutations in somatic cells of
multicellular organisms are therefore bound to accumulate since there is no evolutionary
advantage to drive mutation rates to zero, not even in somatic cells. Indeed, maximization
of organismal functions, including maintenance of the integrity of the somatic genome,

for extended periods of time after first reproduction does not have a selective advantage
(Charlesworth, 2000; Williams, 1957). As discussed above, this would also be energetically
too costly (Sniegowski et al., 2000).

Shortly after the structure of DNA had been first described (Watson and Crick, 1953),
somatic mutation was implicated as a fundamental cause of aging. Based on observations
that ionizing radiation, known to cause mutations (then defined as changes in genetic traits
based on phenotypes), appeared to accelerate age-related pathology and shorten life span,
two physicists Gioacchino Failla (Failla, 1958) and Leo Szilard (Szilard, 1959) hypothesized
that aging is due to the accumulation of mutations in the genetic material of somatic cells.
At that time the relationship between DNA damage, DNA repair and mutations was not
understood. The hypothesis was rejected based on the perceived extremely low frequency
of mutations (Maynard Smith, 1959). At that time the only way to estimate mutation rates
was by deducing germ line mutation rates from heritable changes in proteins. For humans
this was found to be about one in 1078 mutations per basepair per generation (Drake et al.,
1998). This is not very far from what more recently has been directly measured by counting
the number of de novo mutations in offspring as compared to parents after whole genome
sequencing (Kong et al., 2012).
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When samples from pedigrees are available germ line mutation rates can be measured for
large numbers of people and tested for a correlation with life span. Recently, age-adjusted
mutation rates were determined in 61 women and 61 men from the Utah CEPH (Centre
d’Etude du Polymorphisme Humain) families, with higher mutation rates significantly
associated with higher all-cause mortality in both sexes and a shorter reproductive life span
in women (Cawthon et al., 2020).

Mutation rates in germ and somatic cells are not necessarily the same. Direct comparisons
of somatic and germline mutation rates in humans and mice showed that the former are 1-2
orders of magnitude higher than the latter in both species (Milholland et al., 2017). Because
of their obvious importance, germ cells have developed specialized quality control systems
that monitor DNA damage (the source of mutations) and remove cells unable to remove
damage, such as DNA double-strand breaks (Gebel et al., 2020; Helle, 2012; Vanneste et al.,
2009).

An elegant, early experiment conducted to test the hypothesis that aging is caused by
somatic mutations was based on the idea that haploid organisms should age faster than their
diploid equivalents, which would always have a backup copy of each gene. Such haploid-
diploid pairs of species were available in the form of the parasitic wasp, Habrobracon.
Survival of haploid and diploid variants of Habrobracon after X irradiation was compared
and the results showed that the diploid variant was indeed more resistant (Clark and Rubin,
1961). However, without irradiation no difference in life span as a function of ploidy

was found. From this result it was concluded that normal aging could not be caused

by mutations. However, as also argued by others (Morley, 1982), this result is far from
conclusive since irradiation is toxic due to DNA damage, not mutations, a difference not
realized at the time. Mutations on the other hand can be co-dominant and have also effects
when recessive. Indeed, the idea that a mutation is harmless as long as the sister allele is
still intact has proved to be too simplistic. For example, de novo mutations may give rise to
haploinsufficiency, which can have a major impact on gene expression and gene regulation
(Morrill and Amon, 2019).

With the success of generating animals through somatic cell nuclear transfer (SCNT)
another argument against somatic mutation as a cause of aging has arisen. SCNT appears to
work by resetting the aging clock to zero in the somatic nuclei inserted into the enucleated
oocyte. This should not be possible when mutation loads in somatic nuclei are high enough
to cause adverse effects, or so goes the argument. In fact, this is a variant on a much older
argument: if somatic mutations would ever rise to toxic levels in somatic cells they should
do so also in germ cells. So why aren’t we all extinct? In both cases the explanation is

the same. There is no clock resetting; instead, selection is responsible for what seems to be
rejuvenation. First of all, adverse effects of reproduction among older individuals, especially
males, have been observed and have been associated with increased germline mutations
(Crow, 2000; Gavrilov et al., 1997). Indeed, while exact data are lacking, at least 50% of

all conceptuses perish early on (Jarvis, 2016), with chromosomal abnormalities accounting
for approximately 50% of clinically recognizable spontaneous abortions (Daniely et al.,
1998). This is of course an underestimate because not all spontaneous abortions are
detected. Interestingly, even successful fertilizations are subject to mutations, with virtually
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all blastomeres carrying multiple mutations, i.e., chromosomal anomalies and copy number
variations (Vanneste et al., 2009). In such cases a successful outcome is probably facilitated
by the elimination of mutant cells through apoptosis (Vanneste et al., 2009). Even then, all
offspring carries de novo mutations sometimes resulting in disease.

SCNT has not been studied as exhaustively, but also in this case the procedure involves
ample opportunity for selection. Indeed, efficiency of SCNT is no more than about 1%

per reconstructed oocyte and the nuclei are generally obtained from mitotically active cells,
such as fibroblasts or epithelial cells, from fetal or young adults. Hence, a sufficiently high
number of cells with low mutation loads should be present to give rise to a new organism at
low frequencies. As expected, cells from fetuses and newborn animals appeared to be most
efficient in nuclear transfer, but cells from adult animals frequently do give rise to healthy
animals and there are rare reports that even cells from aged animals can be successful (Tian
et al., 2003). Nevertheless, selection against heavily mutated cells could easily account for
successful SCNT, even from aged tissue. Hence, the term rejuvenation to indicate epigenetic
reprogramming is misplaced. Cells cannot be truly rejuvenated for the simple reason that
mutations once incurred cannot be removed except by selecting against such cells.

5.1. Quantitative analysis of somatic mutations

The first question that needs to be addressed in considering mutations as a cause of aging

is whether they can be demonstrated to accumulate with age in different organs and tissues.
Approaches to test the stochastic accumulation of DNA mutations has proved to be a

major challenge. When measuring age-related changes in bulk tissue samples it is often not
realized that such studies target age-related adaptive processes rather than primary causes.
Any age-related change that similarly affects all or most cells in a tissue is generally
adaptive, i.e., a response to other age-related changes or changes in the environment. There
is general consensus that aging is non-adaptive and not based on a genetic program acting
to provide some benefit to the group or species (Kirkwood, 2005; Vijg and Kennedy, 2016).
Hence, the primary causes of aging must be sought in stochastic processes that occur above
and beyond Darwinian selection. Only the timing of such processes would be subject to
selection, for example, through longevity assurance systems (Sacher, 1982).

As a consequence of the inconvenient truth that aging is likely to be primarily caused

by stochastic processes, the elucidation of the mechanisms underlying such processes is
difficult. This is illustrated by the fact that the two most prominent theories of aging have
never been successfully tested. The protein error catastrophe theory proposed by Orgel in
the 1960s (Orgel, 1963) is still a likely primary mechanism of aging but has never been

put to the test (Martin, 2012). Protein errors are random and different from cell to cell.

By measuring bulk tissues or cell populations the true error loads in individual cells is
camouflaged by the average. Even if thousands of protein errors accumulate in each cell and
they are all different you will detect nothing at bulk level. However, such a situation is very
serious and cells with such a load of protein errors will certainly suffer fitness loss. The
solution is to take a single cell approach and comprehensively analyze the proteome in many
single cells. Only very recently enough progress has been made to analyze a few thousand
proteins in single cells, a tiny fraction of the proteome (Slavov, 2020).
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The problem is similar in detecting mutations in the somatic genome. However, the genome
is much simpler than the proteome and lends itself very well for high-throughput analysis
due to the possibility of amplifying nucleic acids based on their simple structure as a code
of 4 different bases organized in complementary pairs in a double helix. But even in this
case it is only very recent that so much progress has been made that most somatic mutations
can now be quantitatively analyzed in multiple tissues during in vivo aging of mammals,
including humans. Below | will briefly review progress in this area, including the pivotal
role of next-generation sequencing in analyzing somatic mutations, the frequency of the
different types of mutations found to accumulate with age, and their possible functional
consequences in the context of other causal contributors to the aging process.

Evidence for somatic mutation accumulation with age

Before the 1980s the only method available to detect somatic mutations was cytogenetics.
Early work established how large chromosomal abnormalities could be identified in
metaphase plates of a dividing cell population by Giemsa staining. This led to the realization
that while in peripheral blood lymphocytes (PBLs) of young people about 1% of cells harbor
at least one chromosomal abnormality, in cells from old people that number is close to 5%
(Jacobs et al., 1964). This was later amply confirmed using more advanced fluorescence in
situ hybridization (FISH) methods (Ramsey et al., 1995).

Somatic mutations lead to tissue genome mosaicism, which is more extensive when a
mutation occurs earlier and the cell that contains the mutation expands into a clone. The
earliest and best documented example of somatic mosaicism is Y chromosomal loss from
bone marrow cells (Pierre and Hoagland, 1972). Such loss is very frequent, has also been
observed in peripheral blood lymlphocytes and can affect more than 20% of all cells in
almost half of all men at 70-years of age (Thompson et al., 2019). Advanced SNP arrays
and next-generation sequencing has now demonstrated that genome mosaicism is not limited
to the Y chromosome but is widespread in human tissues. Most studies have been done in
blood in which the phenomenon is known as clonal hematopoiesis. The detection of such
mutations is dependent on the clonal expansion of a somatic mutation either because of a
fitness advantage or stochastic neutral drift. If the resulting clone comprises a sufficiently
large fraction of the DNA sample it can be detected, for example, by deep sequencing
(Jaiswal et al., 2014; Laurie et al., 2012; Martincorena et al., 2018). Most human tissues
have now been shown to contain clones of expanded somatic mutations significantly
increasing with age (Garcia-Nieto et al., 2019; Yizhak et al., 2019).

Interestingly, the level of genome mosaicism, such as LOY or clonal hematopoiesis, has
been associated with risk for all-cause mortality and common age-related diseases, such as
cancer, Alzheimer disease and atherosclerosis (Jaiswal et al., 2014; Thompson et al., 2019).
In certain cases the nature of the mutation may increase susceptibility to a disease. For
example, somatic mutations in the gene encoding the epigenetic modifier enzyme TET2
promote expansion of the mutant cell in blood. This was found associated with increased
IL-1B production, which is essential for accelerated atherosclerosis (Fuster et al., 2017).
This could explain why clonal hematopoiesis has been found to correlate with an increased
risk of atherosclerotic cardiovascular disease. However, it seems unlikely that all or even
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most somatic mutations have such direct effects. Indeed, this would be difficult to imagine
for loss of a Y chromosome, which has only few functional genes. Instead, it seems much
more likely that extensive genome mosaicism is a surrogate marker for genome instability
in general, providing evidence for a causal relationship between somatic mutation rate and

aging.

The vast majority of somatic mutations will not expand or expand to very small clones

that cannot be detected by direct analysis. As explained above increased somatic mutation
loads in cells may be undetectable by direct analysis, but could still adversely affect cell
fitness and therefore fitness of the organism. To get access to such low-abundant somatic
mutations we (Gossen et al., 1989) and later others too (Kohler et al., 1991; Leach et al.,
1996) developed mouse models harboring chromosomally integrated reporter genes that can
be rescued into E. coli and selected for mutations that had inactivated the reporter genes

in vivo. These mouse models were used to study mutation frequencies in different organs
and tissues and the results showed that in virtually all tissues mutations accumulate with
age (Dollé et al., 1997; Dollé et al., 2002; Dollé et al., 2000; Ono et al., 2000; Stuart et

al., 2000). Importantly, these studies showed that mutation frequencies and spectra differ
between tissues. One of these mouse models allowed to determine the frequency of genome
structural variations (SVs) based on extrapolation from breaks in the reporter gene to the
genome overall. Based on this crude estimate SVs were found to vary from about 5 per
cellular genome in mouse brain at old age to almost 40 in the aged mouse heart (Dolle

and Vijg, 2002). Point mutations were higher but still greatly underestimated because most
base substitutions do not inactivate the reporter gene and go undetected. Genome structural
variations always inactivate the reporter and their impact is much greater because these
events can involve thousands to over a million bases (see also below).

While endogenous reporters such as the hypoxanthine phosphoribosyltransferase 1 gene
(HPRT), have been used in studying somatic mutation in humans (Martin et al., 1996;
Trainor et al., 1984) and also showed an age-related increase, such assays can only be used
in human or mouse primary cells that can be propagated in culture. Only transgenic reporters
in the mouse allow easy access to different organs and tissues. However, since reporter genes
do not allow analyzing somatic mutations in humans and it can also not be assumed that
mutation frequencies at reporter gene loci are fully representative for the genome overall,
methods based on direct, genome wide sequencing were recently developed. In view of the
stochastic nature of somatic mutation accumulation such methods must be based on single
cell analysis.

As a surrogate for true single-cell analysis, which remains a challenge, primary human cells
have been cloned and mutations identified after whole genome sequencing of the DNA from
these clones, which should be representative for the original single cell. The results indicated
an age-related increase in single-nucleotide variants (SNVs) in liver, colon, muscle satellite
cells and kidney from about 600 mutations per cell at young age to several thousands in
samples derived from older individuals (Blokzijl et al., 2016; Franco et al., 2019; Franco et
al., 2018). These numbers are considerably higher than the number of de novo mutations in
germlines, which are about 60 per genome per generation (Kong et al., 2012). Indeed, as
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mentioned earlier, somatic mutation rate is 1-2 orders of magnitude higher than germline
mutation rate (Milholland et al., 2017).

Sequencing clones rather than single cells obviously limits studies to cells that can be cloned
in culture. This restricts analysis mostly to stem cells, which have been demonstrated to
contain significantly less de novo mutations than differentiated cells (see further below and
(Cervantes et al., 2002; Thompson et al., 2020). Hence, mutation frequencies obtained from
stem cell clones should be considered underestimates of the true frequency of mutations as
they occur in the differentiated cells that provide function to different organs and tissues.

A problem in directly analyzing differentiated cells for mutations is the need for whole
genome amplification which is fraught with error. Also in this area major advances have
recently been made. We and others developed reliable computational methods to correct

for amplification errors in detecting SNVs in single cells based on genetic linkage with
germline heterozygous single nucleotide polymorphisms (hSNPs)(Bohrson et al., 2019;
Dong et al., 2017). It should be realized that all single-cell approaches require appropriate
controls because once analyzed the cell is destroyed and the results cannot be replicated.
Such controls can include sequencing kindred cells from clones derived from the same cell
population and sequenced without amplification, analyzing germ line variants in each single
cell to test sensitivity, and various positive controls, such as cell populations treated with
known mutagens (Dong et al., 2017; Gundry et al., 2012).

Thus far, information on mutation frequencies and age is available for human B
lymphocytes, neuronal cells and liver hepatocytes (Brazhnik et al., 2020; Lodato et al.,
2018; Zhang et al., 2019). In all three cell types mutations were found to increase with age
albeit at different rates. The highest mutation frequencies, i.e., of about 5,000 SNVs per cell
in 70-80 year old individuals, were found in liver. This may simply be a consequence of
increased tolerance of liver for mutation, due to the high level of polyploidy in this organ,

a layer of additional redundancy likely to provide protection against random mutations

and cancer (Zhang et al., 2018). However, liver stem cells, obtained by growing organoids
from hepatocyte cell populations from middle aged individuals, had mutation frequencies
of only about 1000 mutations per cell as compared to at least twice that number in the
differentiated hepatocytes from the same individuals (Brazhnik et al., 2020). A comparison
between clones, sequenced without amplification and whole genome amplified single cells
derived from these clones showed no difference, confirming the validity of the single cell
data. These results suggest that while all cells, including stem cells, undergo an age-related
accumulation of mutations, cells further in the hierarchy of the differentiation process
accumulate more mutations. This could be explained simply by replication errors during the
differentiation process but may also reflect increased repair accuracy in stem cells.

In most of these experiments also small insertions and deletions (INDELS) were analyzed.
They are generally much more deleterious than base substitutions and were found to occur
at much lower frequency, i.e., about 100 per cell in young tissues to about 300 per cell in

old subjects. Much less is known about larger insertions and deletions and genome structural
variations (SVs) in general. Some of these events have been analyzed in single cells, but

not in relation to aging. For example, copy number variation (CNV) has been analyzed in
single human neurons directly taken from the in vivo situation (Cai et al., 2014; McConnell
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et al., 2013). The results generally show about one large CNV (>1Mb) on average in most
cells analyzed. However, many submegabase CNVs have been found in single neurons in the
developing mouse brain (Rohrback et al., 2018).

Also other SVs, such as deletions larger than 50 bp and complex genome structural variation
has been observed in organoid clones from human liver, colon and small intestine, with
about 50% of clones harboring one SV (Blokzijl et al., 2016). Because of these small
numbers no quantitative information in relation to aging is as yet known, except for the very
large chromosomal events that can be analyzed by cytogenetics (above). It is here where
next-generation sequencing meets cytogenetics. Note that also in the mouse at reporter gene
loci genome structural variations have been detected, from about 5 per cell in brain to almost
40 in heart (above).

The detection of SVs after whole genome sequencing is generally difficult and has a
sensitivity not higher than about 20% (Kosugi et al., 2019). Detection of SVs is generally
based on finding abnormal positions of short, paired-end sequencing reads when aligning
to the reference genome. In this way it is possible to map the two breakpoints of the SV,
indicating deletions, inversions or translocations (Medvedev et al., 2009). The problem with
detecting SVs in this way is the high probability of mapping errors especially with larger
events. To some extent this problem is addressed by long-read sequencing, but the generally
high error rate of these approaches poses new challenges (Mahmoud et al., 2019). SV
detection in single cells is much more difficult than in DNA from bulk tissue because in
multiple displacement amplification (MDA), the method of choice for mutation analysis in
single cells, artificial chimeric sequences are often generated because nascent DNA strands
can be displaced from their original template and prime a second template resulting in
artificial SV calls (Lasken and Stockwell, 2007).

True quantitative analysis still remains to be done for SVs, an important class of mutations
that has been proposed as the mutation type most likely to have major adverse effects at old
age (Vijg, 2002). Nevertheless, improvements are made continuously and it seems highly
likely that within a decade we will be able to build a reliable quantitative inventory of the
various types of somatic mutations in aging humans and model organisms using single-cell
or single nucleus approaches. Based on such comprehensive somatic mutation maps for
different tissues in aging humans we should be able to address the question to what extent
somatic DNA mutations cause aging.

5.3. Can accumulating mutations affect cell fithess?

A major question in the biology of aging is how stochastic changes can lead to the

aging phenotypes that are repeatedly observed in humans or animals. While there is great
individual variation in the timing of the major aging phenotypes, including diseases, such as
cancer, cardiovascular disease and diabetes, they all appear as very similar from individual
to individual. Indeed, there is even great similarity in aging phenotypes across species (Vijg
and Campisi, 2008). How can a stochastic accumulation of somatic mutations cause all or
most of these phenotypes?
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Elsewhere we proposed three mechanisms as to how somatic mutations can cause disease
and aging (Vijg and Dong, 2020). The first two are based on clonal expansion of mutations
either as a consequence of drift or of a fitness advantage of the mutation. It now seems
likely that through this mechanism most if not all genetic diseases, i.e., diseases caused by
a germline mutation, have a somatic mutational variant (Erickson, 2010; Li, 2013). A few
examples are neurofibromatosis, paroxysmal nocturnal hemoglobinuria, Alport syndrome,
autism spectrum disorders, certain autoimmune diseases and even Alzheimer’s disease
(Erickson, 2010; Poduri et al., 2013). Of note, sometimes disease symptoms occur with
only a small fraction of cells in the target tissue harboring the mutation and there are forms
of somatic genetic disease, apart from cancer, that do not even occur as germline mutations
because it would not be compatible with life when present in all somatic cells (Li, 2013).

An important mechanism in the expansion of a somatic mutation, long recognized as the
cause of cancer, is somatic evolution, i.e., the clonal expansion of a mutation that provides
a cell with a growth advantage, ultimately leading to a full-blown tumor (Fearon and
Vogelstein, 1990; Nowell, 1976). There is now ample evidence that clonal expansion of
mutations is frequently observed in aged tissues (above) and there is increasing evidence
that this can causally contribute not only to cancer but also to non-neoplastic, age-related
diseases, including COPD (Anderson and Bozinovski, 2003), cardiovascular disease (Fuster
etal., 2017; Sano et al., 2018), type 2 diabetes (Bonnefond et al., 2013) and inflammatory
bowel disease (Nanki et al., 2020; Olafsson et al., 2020). Hence, both clonal expansion

by genetic drift and somatic evolution can explain age-related disease phenotypes. Here |
will focus on the third mechanism that does not require clonal enrichment but can cause
cell-autonomous and cell type-specific functional decline.

While somatic mutations accumulate across the genome randomly, only those that end up

in regions relevant for the specific function of that cell type can have adverse effects. In
differentiated cells most of the genome is non-functional with only a fraction of the about
1% protein-coding sequences relevant for that cell. However, the part of the genome that
regulates these active genes is substantially larger and estimated at approximately 10% of
the genome in a typical differentiated cell (Kellis et al., 2014). Function in such cells is not
provided by individual genes but through gene regulatory networks (GRNs). GRNSs consist
not only of genes but also of enhancers, promoters and other sequences that affect gene
transcript levels. Naturally, SVs have a much higher impact on the GRNSs that control cell
functions than SNVs. Indeed, large deletions can wipe out multiple genes and regulatory
sequences. As mentioned earlier, haploinsufficiency can have dominant effects, for example,
when the gene product interacts with a ligand that requires the correct relative amounts of
its interactive partner. Hence, recessive mutations, and all de novo somatic mutations are
recessive, can still have a major impact on gene expression and gene regulation (Morrill and
Amon, 2019).

Hence, mutation accumulation can only functionally impact a cell when occurring in its
functional genome. Random mutations that beneficially affect the organism are extremely
rare. Hence, apart from the mutations that have no effect at all, somatic mutagenesis can
only lead to a gradual loss of function of the tissue or organ. Therefore, it is not surprising
that stochastic mutation accumulation has similar effects in a particular tissue or organ
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from individual to individual and to some extent even across species. There are of course
cell-to-cell differences and the age-related mutation burden will vary between individuals
and between tissues within individuals, but the effect is always the same. Therefore,
somatic mutation accumulation as a stochastic process could reasonably explain age-related
functional decline and disease patterns that are similar across individuals. However, what is
the evidence that somatic mutations do affect cell function?

It has been demonstrated in human B lymphocytes that SNVs accumulate with age but do

so much more rapidly in the functional part of the genome than the genome overall (Zhang
et al., 2019). This suggests selection against cells harboring high mutation loads, possibly
because of an adverse effect on fitness. Indeed, after whole genome sequencing of single
human muscle satellite cell clones of the leg muscle from healthy individuals of different
ages, mutation load was found to correlate with functional defects in satellite cells from aged
individuals (Franco et al., 2018).

One possible effect of mutation accumulation in GRNSs is an increase in transcriptional
noise. Depending on where random mutations are incurred, they could slightly up- or
down-regulate gene expression levels. This is known as transcriptional noise, i.e., different
levels of MRNA among otherwise identical cells. While a certain level of transcriptional
noise is inherent to gene expression, an increase with age has now been demonstrated in
different cell types in mice and humans (Angelidis et al., 2019; Bahar et al., 2006; Enge et
al., 2017).

Transcriptional noise levels can be measured by quantifying individual gene transcript levels
across cells in single-cell RNA-seq. However, this is not very sensitive because as mentioned
above, genes do not operate in a vacuum but are connected in GRNs. Recently, a new
measure of transcriptional noise has been developed called global coordination level (GCL),
which is based on the average multivariate dependency between expression levels of random
subsets of genes in single-cell RNA-seq data sets. GCL values higher than zero reflect
gene-to-gene regulatory interactions. Using this new measure it was indeed found that GCL
consistently declines with age in different organisms and cell types (Levy et al., 2020).
Moreover, increased mutations in tissues at old age appeared to correlate with reduced GCL
values. Analyzing a data set on human pancreatic cells in which both mRNA levels and
somatic mutations were assessed in the same cells (Enge et al., 2017) those cells with the
highest mutation loads generally also had the lowest GCL values (Levy et al., 2020). While
a relationship of DNA mutations with transcriptional noise has been suggested before (Vijg
et al., 2005), this is the strongest evidence to date for a cause and effect relationship between
somatic mutations, transcriptional noise and aging.

How could an increase in transcriptional noise causally contribute to aging? One example is
cell fate drift. Enge et al demonstrated an age-associated increase in both somatic mutations
and transcriptional noise in human pancreas cells (Enge et al., 2017). They found that islet
endocrine cells from older donors displayed not only increased levels of transcriptional noise
but also an increase in non-cell-type-specific hormone expression in endocrine cells. Such
“fate drift” would naturally have physiological consequences in terms of decreased fitness
and organ function at old age if happening on a large enough scale.
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Increased transcriptional noise could also explain defects in cell signaling that have been
observed with age. Indeed, even slight up- or down-regulation of genes active in stress or
immune responses are likely to significantly reduce efficiency of such adaptive processes.
This could for example explain the increased susceptibility to infections in elderly and their
reduced response to vaccines (Lord, 2013) or the well-documented age-related impairment
of temperature regulation (Blatteis, 2012).

Finally, transcriptional noise could lead to a stoichiometric imbalance in the assembly of
multiprotein complexes. Macromolecular complexes are responsible for most of the essential
mechanisms in cells and transcriptional noise could, therefore, contribute to the observed
protein aggregation with age (Santra et al., 2019).

Based on the above, it is conceivable that somatic mutation accumulation during aging in
vivo leads to increased transcriptional noise, which in turn could explain the functional
decline observed in most cell types during aging. Together with the increased disease risk
found associated with the clonal development of mutations, this would make mutation
accumulation a most likely primary cause of aging. Like mutations, also epimutations have
been suggested as a cause of transcriptional noise (Enge et al., 2017). Epigenetic change has
been proposed as a major cause of aging almost since its discovery (Holliday, 1991). The
main reason it is so often mentioned as a possible cause of aging is the relatively simply
way epigenetic changes can be demonstrated, either as changes in histone modification or
changes in patterns of DNA methylation. However, the exact same reasoning used earlier in
this review also applies here, i.e., any changes readily observed in bulk tissue are adaptive
changes and unlikely to be primary causes.

Of course, epimutations can also occur stochastically. DNA methylation maintenance during
replication and repair is not error-free (Fu et al., 2010; Laird et al., 2004) and extensive
cell-to-cell variation in DNA methylomes has been demonstrated (Gravina et al., 2016).

In principle, therefore, random changes in the epigenome could be a more likely cause of
transcriptional noise than mutations. However, while this possibility cannot be excluded for
now, it is in conflict with the rare observation of epimutations as causal factors in disease,
most notably cancer, and then often only indirectly through genetic mutations in epigenetic
modifiers that affect chromatin (Zoghbi and Beaudet, 2016). It is possible that epimutations
only have an effect when occurring as blocks of change rather than individual epimutations.
That is unlikely to happen at the single cell level but readily explains how methylation
changes can underlie adaptive changes, such as memory formation in the brain (Heyward
and Sweatt, 2015).

6. Conclusions and future prospects

Aging can be defined as the progressive decline in fitness that brings life to a close. The
process provides a definite limit to life, in the sense that improved environmental and
medical conditions are ultimately unable to change the maximum life span of our species
once optimal conditions have been achieved (Dong et al., 2016). However, life span varies
considerably among species, of which there are several with greater maximum life span than
humans (Ma and Gladyshev, 2017). The genetic basis of these differences is likely to be
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extremely complex and not well understood, but there is evidence that mutation rates are
higher in short lived species, such as rodents, than in long-lived primates (Britten, 1986).
This may be a result of superior DNA repair in long-lived species for which there is also
evidence (Hart and Setlow, 1974; Ma et al., 2016; MacRae et al., 2015).

According to the general consensus, aging is ultimately a consequence of the decline in
efficacy of natural selection with age (Kirkwood, 2005; Medawar, 1952; Williams, 1957).

In stark contrast, the process has thus far escaped an explanation in terms of proximal
causation. As mentioned earlier in this paper, age-related functional decline and increased
disease risk is now usually discussed in terms of hallmarks of aging, i.e., age-related
phenotypes that are often conserved among species (Lopez-Otin et al., 2013). But most
hallmarks of aging are either adaptive responses to more fundamental causes of aging or late
adverse effects of otherwise beneficial processes. Various stress responses are an example of
the former while inflammation as an adverse side effect of the immune response illustrates
the latter category. Hence, most hallmarks of aging are evolutionary adaptations for optimal
functioning over time in a continuously changing internal and external environment.

Adaptive changes of aging are by definition not the primary causes of the process, which
have to be sought in stochastic processes of wear and tear that can be delayed but ultimately
not prevented. As also discussed elsewhere, the most likely mechanistic driver of aging
appears to be DNA damage (Schumacher, 2021). In this present review | discuss the
evidence that one of the multiple consequences of DNA damage, i.e., somatic mutations,
are a universal, primary cause of aging. This remains untested and other consequences

of DNA damage, such as persistent lesions and cellular responses to DNA damage, may
eventually prove to be more important. However, one conclusion from this review is that
major technological advances have now made it possible to quantitatively analyze somatic
mutations directly in tissues of humans and experimental animals as a function of age. This
should soon allow the somatic mutation theory of aging to be tested in sufficient depth to
begin drawing definite conclusions as to its validity.

A second conclusion we can now draw is that there can be no longer any doubt that

the frequency of somatic mutations increases with age in various tissues and organs of
humans to levels that could potentially lead to disease and fitness loss. This is not the
case for DNA damage per se, which remains very difficult to quantitatively analyze. By
contrast, for mutations there are now many independent observations that most if not all
human tissues show an age-related increase of somatic DNA mutations, often in the form
of mutant clones carrying expanded mutations (schematically depicted in Figure 4). These
clonal expansions should now no longer be considered as only relevant for cancer, but
for many age-related diseases as well (Lawson et al., 2020). Somatic mutation frequency
in tissues of the elderly appears to be highest in differentiated somatic cells, less in stem
cells (Brazhnik et al., 2020; Cervantes et al., 2002; Thompson et al., 2020) and lowest in
germ cells (Milholland et al., 2017). While there is indirect evidence that high mutation
frequencies reduce fitness of individual cells (Franco et al., 2018; Zhang et al., 2019),

we still don’t know its mechanistic basis. As discussed, through their penetration in DNA
sequence components (promoters, enhancers) of gene regulatory networks, accumulating
mutations could lead to transcriptional noise. In principle, this can now be directly tested
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through high-throughput, single-cell sequencing at DNA and RNA level in the same single
cells (Hou et al., 2016; Li et al., 2015).

Hence, more than half a century after it was first proposed the plausibility of somatic
mutations as a primary mechanism of aging has been demonstrated experimentally.
Nevertheless, testing for a causal role of somatic mutations in aging remains difficult. The
most straightforward way would be to experimentally elevate the natural level of somatic
mutations across tissues and then test for an effect on aging rate and life span. Unfortunately,
as of yet there are no approaches to accomplish this. Alternatively, it is now possible to
correlate functional measures of cells in aged organisms with mutation burden in the cells.
An example of such an approach is the correlation between growth rate of cell clones and
their mutation burden as mentioned above (Franco et al., 2018). However, probably the
best possible approach in providing a quantitative link between cause and effect would be
mathematical modeling based on the multitude of quantitative data that are now emerging.
This approach has been pioneered by Kirkwood and Proctor (Kirkwood and Proctor, 2003)
even in the absence of our current rich data sets.

It is important to note that DNA mutation cannot be the sole causal factor in aging.
Evolutionary logic immediately rules out any single cause of aging. During evolution there
must have been many genetic variants with deleterious effects late in life that for this reason
escaped natural selection, which declines with age (Kirkwood, 2005). Indeed, many of
these variants were positively selected because of an early beneficial effect, for example,
variants in lipoprotein genes, immune response genes or growth factor genes. However,
while causally contributing to aging, the processes associated with these genetic variants are
not primary causes of the process.

A major question for the future is if somatic mutation as a major causal mechanism in
aging can be therapeutically targeted. In this respect several options could be entertained.
For example, the clonally amplified postzygotic mutations in tissues can be identified and
further analyzed for phenotypic differences from the normal tissues. Once identified these
differences could serve as targets for developing drugs to eliminate such cells. Likewise,
cells that suffer loss of function due to the accumulation of mutations in gene regulatory
networks could also be eliminated. Cells could be eliminated by driving them into apoptosis
or through cell competition. While still far away, such options would be the first approaches
to intervene in a basic molecular cause of aging rather than in one or more of its symptoms.

Somatic mutations as a cause of aging is in keeping with Muller’s ratchet, i.e., the inevitable
accumulation of deleterious mutations in asexually propagated cell populations (Muller,
1964). Indeed, the ratchet was proposed to explain the advantage of sexual reproduction

and has been experimentally verified in Salmonella typhymurium (Andersson and Hughes,
1996). As we have seen, sexual reproduction through recombinational repair to promote
survival from deleterious DNA mutations may have begun with the first replicators. But
mutation is of course also the driver of evolution and underlies the great diversity of life
forms. It would indeed be ironic if the same process that has given us life would also drive
its demise.
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Table 1. List of Abbreviations
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CNV
COPD
FISH
GRN
GCL
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HPRT
INDELs
LOY
LUCA
PBL
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SCNT
SNP
SNV
SV
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Highlights
There is abundant evidence for DNA damage as a cause of aging.

DNA damage can act as causal factor in aging through direct effects on
transcription, by signaling apoptosis or cellular senescence and through
somatic DNA mutations.

Somatic mutations can now be quantitatively analyzed by single-cell whole
genome sequencing.

Somatic mutations accumulate with age in virtually all human tissues and
organs.

Somatic mutations can cause cell functional loss and age-related disease by
clonal expansion or through interference in gene regulatory networks.

Somatic mutations may lead to age-related loss of function through
transcriptional noise.
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Figure 1.
Evolution from the RNA world to modern living systems based on DNA and proteins. In

both cases aging could occur as error-based mutations between two generations.
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Figure 2.
DNA damage as a driver of aging.
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The principle DNA repair pathways active in most organisms including humans and mice.
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Figure 4.
Schematic depiction of mutation accumulation in a tissue, including expansion into clones.

De novo mutations are in black. Mutations can be clonally amplified due to genetic drift or a
survival advantage. This is indicated by the two red asterisks in the orange cells. Additional
mutations (in black) can subsequently accumulate but all cells will retain the two original
mutations in the ancestor cell. The best example of such somatic evolution, but by no means
the only one, is the generation of tumors.
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