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INTRODUCTION 
 

Aging is a complex biological process driven by 

numerous underlying mechanisms. This brief review 

aims to summarize and critically appraise the evidence 

implicating an association or a causal role for cellular 

senescence and somatic DNA mutations in organismal 

aging, using necessity and sufficiency as key criteria for 

causal inference. Moreover, this article discusses the 

plausible molecular mechanisms through which these 

processes can translate into systemic functional effects, 

making an impact on tissue dysfunction, healthspan, 

and lifespan. 

 

Senescent cells as drivers of aging 
 

Although necessarily reductive, one of the most 

impactful discoveries of Dr. Judith Campisi’s influential 

research was the serendipitous identification of 

senescent cells as positive for the enzymatic activity 

widely known as senescence-associated β-galacto-

sidase [1]. This finding enabled the visualization and 

quantification of senescent cells, leading to the 

observation of an association between their abundance 

and the individual’s age, later confirmed in several 

human tissues [2]. However, the low frequency at 

which senescent cells are often detected in aged tissues 

[3], together with the substantial variability in 

estimates across tissues and markers [4], was initially 

difficult to reconcile with a substantial effect on 

systemic aging. The full impact of senescent cells on 

organismal functional decline of aging became 

apparent when Campisi made a second breakthrough 

discovery by describing the senescence-associated 

secretory phenotype (SASP) [5, 6]. The identification 

of SASP extended the relevance of cellular senescence 

from being a cell-intrinsic feature, which primarily 

impairs proliferation, to a cell-extrinsic one in which 

senescent cells actively communicate with the 

surrounding tissue, strengthening the mechanistic 

plausibility of cellular senescence as a driver of aging. 

Subsequently, Campisi’s group [7] and others [8] 
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ABSTRACT 
 

Understanding the primary molecular and cellular drivers of aging and how they trigger systemic functional 
decline remains a fundamental challenge. This review focuses on two proposed drivers of aging, cellular 
senescence and somatic DNA mutations, critically discusses the evidence for their association with organismal 
aging, and appraises their causal contribution to it. Several studies support the notion that cellular senescence 
can cause aging, acting through cell-intrinsic and, likely more significantly, cell-extrinsic mechanisms such as the 
senescence-associated secretory phenotype. Differently, the mutational burden is strongly correlated with 
aging, but we argue that the causal contribution of altered DNA sequences to age-related functional decline 
remains difficult to untangle from its originating genotoxic events. 
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provided compelling evidence that cellular senescence 

is required for wound healing and multiple aging 

phenotypes by developing genetically engineered 

mouse models in which senescent cells can be 

eliminated. Senescent cell clearance in mice resulted 

in delayed onset or attenuation of age-related 

pathologies, including sarcopenia, cataracts, and 

lipodystrophy, and improved overall healthspan [8–

11], with a study also reporting an increase in median 

and maximal lifespan [9]. The use of these mouse 

models paved the way for the later testing of 

pharmacological treatments to kill senescent cells (a 

process termed senolysis) [12–14], confirming and 

extending the initial conclusions and laying the 

groundwork for therapeutic developments and a 

rapidly expanding biotechnology industry [15]. The 

observation that an intraperitoneal injection of less 

than one million senescent cells (thus less than 1 cell 

out of ~10’000 in a mouse body) impairs physical 

function [14] or that an intradermal transplant of 

senescent cells induces frailty and cognitive decline 

[16] in young mice supports the idea that even a low 

senescent cell burden is able to compromise health-

span, acting systemically. This does not eliminate 

important caveats: senescent cells are heterogeneous 

and no universal marker exists, thus a unified 

definition of senescent cells remains under discussion 

[4] and their removal is generally limited to specific 

senescent cells subsets, dependent on the approach 

exploited. Nevertheless, also thanks to Campisi’s 

work, cellular senescence is now widely considered a 

causal contributor to aging [17], an inference 

supported by evidence spanning association, necessity, 

and sufficiency in animal models. 

 

The organism-level impact of senescent cells is exerted 

through multiple mechanisms. One is by imposing a 

stable proliferative arrest in cells, which therefore 

cannot replace dying or otherwise eliminated cells, 

ultimately compromising tissue homeostasis and 

regenerative capacity. This cell-autonomous effect of 

cellular senescence is particularly impactful when it 

ensues in stem cells. Indeed, senescent somatic stem 

cells display decreased regenerative function [17, 18] 

and altered differentiation [19, 20], impacting tissues 

because of their hierarchical role. Accordingly, a recent 

study demonstrated that mesenchymal progenitor cells 

engineered to be resistant to cellular senescence can 

rejuvenate multiple organs in primates [21]. Beyond its 

role in stem cells, cell-intrinsic cellular senescence can 

also affect the organism’s functions at large when 

occurring in differentiated cells that play critical 
systemic roles. This is the case, for instance, of cells 

regulating systemic metabolism [22], circulation [23], 

or immune function [24]. Notably, when immune cells 

become senescent [24], their capacity to clear other 

senescent cells is compromised, generating a feedback 

mechanism that exacerbates the accumulation of 

senescent cells, inducing age-related dysfunction  

in several tissues and decreasing median lifespan in 

mice [25]. 

 

However, the major process by which senescent cells can 

cause systemic aging phenotypes is through the already 

mentioned SASP, a complex secretory program by which 

senescent cells signal and remodel their 

microenvironment. The SASP has the ability to reinforce 

autocrine (where the cell signals to itself) and fuel 

paracrine (where the cell signals to neighboring cells) 

cellular senescence in a contagious manner – indeed, 

normal cells can undergo senescence [26, 27] when 

exposed to SASP, generating a self-amplifying 

mechanism. The SASP exerts its cell-extrinsic role of 

altering the microenvironment via immune and tissue 

remodeling mechanisms. With respect to the immune-

mediated perturbation of the cellular context, the 

secretion of pro-inflammatory cytokines and chemokines 

of SASP generates a chronic state of low-grade 

inflammation (termed inflammaging in the context of 

aging [28]) and immunosuppression, which can both be 

associated with aging and related diseases, including 

cancer [18, 29]. Regarding the SASP’s contribution to 

aging by disrupting the tissue organization, it can induce 

cell death [30] or influence the differentiation of nearby 

cells [31]. Moreover, the SASP can remodel the 

extracellular matrix through the release of proteases and 

matrix metalloproteinases [18, 29], and can lead to the 

disruption of intercellular barriers via degradation of 

junctional proteins [32]. Finally, SASP can profoundly 

alter the tissue microenvironment to the point of inducing 

fibrosis, characterized by increased tissue stiffness and 

loss of elasticity [33]. 

 

Altogether, this body of evidence supports the 

conclusion that cells undergoing cellular senescence 

significantly contribute to organismal aging, reducing 

healthspan and median lifespan in the experimental 

settings studied. However, these findings largely 

derive from animal models, and sustained clinical 

benefit from senolysis remains unproven in large, 

well-controlled trials in humans. Although the relative 

contribution of cell-intrinsic limited proliferative 

capacity may play a limited role at the single-cell 

level, this process likely exerts systemic effects when 

it disrupts stem cell hierarchies or organism-scale 

functions, such as immunity, indicating that cell-

autonomous defects can impact systemically even 

beyond paracrine signaling. However, the most 

significant contribution of cellular senescence to aging 

likely derives from systemic mechanisms triggered by 

the paracrine SASP, such as inflammation and tissue 

remodeling. 
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Somatic mutations as drivers of aging 

 
A few years before the discovery of cellular senescence 

by Hayflick and Moorhead in 1961 [34], a part of the 

scientific community postulated a causal role of the 

accumulation of somatic DNA mutations in aging [35, 

36]. Recent advances in genomic sequencing 

technologies, especially those enabling the detection of 

somatic mutations with extremely low variant allele 

frequency (VAF) [37], have reinvigorated this 

hypothesis [38, 39], buttressing it with novel data that 

support an association between mutation accumulation 

and aging. Indeed, the burden of mutations, including 

single-nucleotide variants (SNVs) and small insertions 

and deletions (indels), increases in various normal 

tissues with age [40–46] at a constant rate [47]. 

Mitochondrial SNVs also become more abundant with 

age [48]. A modest age-related accumulation of 

structural variants (SVs) was shown in normal intestinal 

crypts [40, 46], but these events remain technically 

more difficult to assess comprehensively in normal 

somatic tissues. Moreover, some mutational signatures 

– specific patterns of mutations that reflect distinct 

underlying biological processes – display a clock-like 

behavior, accumulating linearly with age [49]. 

Interestingly, the species’ maximal lifespan is inversely 

correlated with the mutation accumulation rate [50], 

suggesting the existence of a maximal mutation 

threshold in the lifetime beyond which tissue 

homeostasis is compromised to the point of system 

failure and death. Since mutations are the result of DNA 

damage or inaccurate DNA replication, it is not 

surprising that DNA repair ability correlates with 

species’ maximal longevity [51, 52]. The DREAM 

repressive complex was recently identified as a 

potential determinant of this relationship, as lower 

DREAM activity associates with reduced somatic 

mutation burden and longer lifespan [53]. In addition, 

DNA repair efficiency decreases with age [54, 55], and 

patients with genetic syndromes defective in DNA 

repair often display accelerated aging signs [55, 56], 

although this is not always the case. For instance, 

mutations that diminish DNA polymerase ε and δ 

proofreading ability [57] or MutY DNA glycosylase 

capacity of removing mismatched bases in the DNA 

[58] confer a higher mutational burden but no signs of 

premature aging in patients, demonstrating that the 

presence of mutated cells is not sufficient to cause age-

related phenotypes. The observation that a hypermuted 

mitochondrial DNA due to proofreading-deficient 

versions of mitochondrial DNA polymerase was 

associated with accelerated aging in the past may be 

explained by a respiratory chain dysfunction [59, 60]. 
However, it cannot be excluded that the mutational 

burden required to elicit overt premature-aging pheno-

types in tissues is substantially higher than that 

sufficient to promote tumorigenesis; thus, in some 

contexts, cancer development may precede and 

therefore mask the manifestation of other age-related 

phenotypes. Furthermore, direct tests of necessity via 

selective elimination of mutated cells, without 

concomitantly interfering with DNA damage signaling 

and cellular senescence pathways, remain scarce. 

 

The mechanisms by which low-abundant somatic 

mutations, in the form of an altered DNA sequence, may 

contribute to aging are likely cell-intrinsic, by perturbing 

gene expression and genome functions. Indeed, it has 

been proposed that mutations induce a so-called 

transcriptional noise through the alteration of the gene 

regulatory network, thereby impairing cell functionality 

[61, 62]. Additionally, as for cellular senescence, the 

mutation burden may have a systemic impact when 

associated with stem cells, for instance mutated satellite 

cells in the muscle display lower proliferative and 

differentiative potential [63], or with immune cells, such 

as mutated natural killer cells that have decreased 

cytotoxic ability [64]. Finally, certain somatic mutations 

confer proliferative advantage, resulting in the clonal 

expansion of the cell population bearing the driver 

mutation, generating a mosaic of clones in otherwise 

apparently normal tissues. This genome mosaicism may 

contribute to aging by novel mechanisms, generating 

heterogeneity and compromising tissue homeostasis [65]. 

Indeed, recent studies reported that in several aged but 

seemingly healthy tissues [66], including skin [67, 68], 

esophagus [69, 70], and blood [71], a considerable 

proportion of cells derive from multiple clones that 

expanded due to mutation in cancer-related genes. 

 

Notwithstanding the large body of evidence that shows 

an association between mutation accumulation and aging, 

direct causal evidence proving that somatic mutations are 

necessary and sufficient for functional decline is difficult 

to establish. This is because DNA damage events 

preceding mutations also lead to DNA damage signaling, 

a process that is a well-recognized trigger of cellular 

senescence [72] and aging [38, 55, 73, 74]. Thus, DNA 

damage induces both its signaling and its repair, but only 

if the latter is incorrect, it will cause a mutation (Figure 

1). The observed correlation between mutation burden 

and age is thus hard to separate from senescence-

inducing DNA damage signaling events. Therefore, DNA 

damage, DNA damage signaling, and DNA mutations 

represent distinct yet co-occurring biological events,  

and disentangling the individual contribution to aging of 

each of them is difficult. In other words, a plausible 

hypothesis is that the drivers of aging may be the 

signaling events that arise upon DNA damage generation, 

with mutations being another accidental outcome. 

Therefore, a fundamental question is the following: when 

DNA damage ensues, is it the related signaling that 
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promotes aging or the mutations that may result from 

inaccurate repair? The observations made in DNA repair-

deficient animal models and genetic human syndromes 

do not allow to distinguish between these two, not 

necessarily mutually exclusive, possibilities. Noteworthy, 

inactivation of p53, a downstream DNA damage 

signaling nodal gene, attenuates the phenotypes of some 

accelerated aging syndromes, including those derived 

from telomere dysfunction [75] and DNA repair 

deficiency [76]. Similarly, inhibition of the DNA 

damage response at telomeres has been shown to 

ameliorate age-related hematopoietic and pulmonary 

dysfunction [77, 78], without lengthening critically short 

telomeres, which represent the source of DNA damage 

signaling. These observations argue in favor of DNA 

damage signaling as the driver of aging phenotypes in 

these contexts, since p53 loss or signaling inhibition is 

unlikely to reduce mutation burden in these settings – 

although the pleiotropic roles of p53 must be borne in 

mind. 

 

Accumulating DNA damage with age can cause 

progressive tissue dysfunction as it affects the two 

main DNA functions: replication and transcription, 

both of which depend on an intact template. DNA 

lesions interfere with the DNA duplication process in 

proliferating cells, causing replication stress and DNA 

damage signaling, potentially triggering cellular 

senescence and stem cell exhaustion [79]. DNA 

damage also physically hampers transcription 

elongation in a variety of species, ranging from 

nematodes to humans, and tissues, including in post-

mitotic cells [80]. As DNA damage is proportional to 

gene length, it preferentially leads to a genome-wide 

decline in the expression of long genes in aging. 

Transcription stress explains over half of all gene 

expression changes associated with aging in the 

transcription profiles of many organs, potentially 

affecting numerous cellular functions, as transcription 

is essential for all cellular processes [80, 81]. Indeed, 

the gene length-dependent transcription decline 

correlates with pro- and anti-aging interventions [82], 

including dietary restriction [83]. 

 

In conclusion, disentangling the relative contribution of 

somatic mutations and DNA damage signaling to aging 

remains challenging. Thus, while mutations represent a 

renowned cause of cancer, their intrinsic impact on 

organisms’ functional decline, although plausible, still 

needs ultimate proof. The notion that DNA damage, 

through its signaling, acts as an apical event driving 

senescence, while being also a powerful source of 

 

 
 

Figure 1. The DNA damage cascade and its effects on aging from the molecular to the systemic level. In the nucleus of the cell, DNA 
damage triggers protective mechanisms, initiating DNA damage signaling and coordinating DNA repair. The primary outcome of DNA damage 
signaling can be the induction of cellular senescence, whereas failed or inaccurate DNA repair can lead to DNA mutations. When a mutation 
occurs in oncogenes or tumor suppressor genes, it can trigger oncogene-induced senescence, representing an intersection between these two 
events. At the tissue level, mutations may generate consequential effects, including transcriptional noise, genetic mosaicism, and immune and 
stem cell dysfunction. Cellular senescence too can impact the stem and immune compartments and have a broader effect due to the senescence-
associated secretory phenotype (SASP), which propagates in an autocrine and paracrine fashion, inducing tissue remodeling and potentially 
exacerbating immune dysfunction. At the systemic level, an aberrant microenvironment, immune response, and regenerative capacity can 
contribute to age-related functional decline, and it has been speculated the same potential for transcriptional noise and clone formation. In the 
figure, cellular senescence with its associated mechanisms of aging is depicted in light blue, SASP in blue, and somatic mutations in red; solid 
arrows indicate links that are more strongly supported by experimental evidence, while dotted arrows represent more speculative links. 
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mutations, places it at the nexus between these two 

much-studied aging-associated events. 

 

Open questions and concluding remarks 

 
Cellular senescence is widely recognized as a driver of 

age-related phenotypes, intrinsically linked to other 

aging hallmarks such as telomere dysfunction, chronic 

inflammation, and stem cell exhaustion [84]. 

Differently, the potential interplay of somatic mutations 

(as distinct from the broader concept of genome 

instability) with the other hallmarks of aging is still 

unprobed, and the contribution of an altered DNA 

sequence to aging needs deeper understanding. More 

broadly, our discussion of cellular senescence and 

somatic mutations illustrates the wider challenge of 

biogerontology in distinguishing driver from passenger 

mechanisms of aging [85]. 

 

Cellular senescence and mutation accumulation are 

distinct events, and it is presently unclear how these 

pathways relate to each other. Notably, among the 

limited evidence connecting the two paradigms, an 

important discovery is that they can functionally 

converge when mutations cause oncogene activation 

and consequent cellular senescence [86–90]. In 

addition, although senescent cells are mitotically 

arrested and thus immune to replication errors, they 

may still accumulate mutations due to increased 

production of genotoxic reactive oxygen species and the 

reactivation of retrotransposons, which can cause 

insertional mutagenesis [56]. The observation that 

senescent cells repress several DNA repair genes and 

have decreased repair efficiency upon irradiation [91], 

combined with their resistance to apoptosis, provide the 

bases for mutation accumulation in these cells. In line 

with this evidence, cells that underwent replicative 

senescence have been reported to bear more SNVs and 

small indels, and to be more frequently aneuploid 

compared to early-passage cells, although a contribution 

of the additional DNA replication rounds required to 

reach replicative senescence could not be excluded [92]. 

 

Distinguishing persistent DNA damage signaling from 

mutational burden remains a challenge to determine the 

specific contribution of mutations to the aging process. 

A decisive experiment would be to induce changes in 

the DNA sequence with minimal DNA damage to test 

whether the mutational load is sufficient to produce age-

related phenotypes. One experimental option would be 

to reduce replication fidelity, for instance via impaired 

polymerase proofreading or mismatch repair, which in 
patients is generally not associated with accelerated 

aging signs [57, 58]; another option would be to use 

base editors in the form of adenosine deaminases fused 

to catalytically impaired Cas9 to introduce widespread 

substitutions without DNA cleavage [93] – however, 

some degree of DNA damage signaling cannot be 

excluded even in these settings. A conceptually related 

approach has been achieved in animals that are born 

with a very high inherited mutational load, as shown 

indirectly in a study where serially recloned mice 

carrying a high mutational burden were reported to 

appear healthy and to have normal lifespans, although 

the authors did not assess DNA damage levels [94]. 

Regarding the potential impact of genome mosaicism, 

lineage-tracing combined with omics techniques would 

help find a correlation of mutational load and clone size 

with tissue dysfunction. 

 

Defining the interplay between cellular senescence and 

mutations remains a significant challenge, with a 

limited number of dedicated studies in the literature, 

because both processes derive from DNA damage and 

are difficult to disentangle. Such analyses are further 

complicated by the low abundance of senescent cells in 

aged tissues and by the impossibility of expanding these 

arrested cells. Therefore, elucidating this relationship 

represents a largely unexplored area of research in the 

field, one that will refine our understanding of the aging 

network. 
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