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Abstract

DNA double-strand breaks (DSBs) are rare but highly toxic lesions, requiring orchestrated and 

conserved machinery to prevent adverse consequences, such as cell death and cancer-causing 

genome structural mutations. DSBs trigger the DNA damage response (DDR) that directs a cell to 

repair the break, undergo apoptosis or become senescent. There is increasing evidence that the 

various endpoints of DSB processing by different cells and tissues are part of the aging phenotype, 

with each stage of the DDR associated with specific aging pathologies. In this perspective we 

discuss the possibility that DSBs are major drivers of intrinsic aging, highlighting the dynamics of 

spontaneous DSBs in relation to aging, the distinct age-related pathologies induced by DSBs, and 

the segmental progeroid phenotypes in humans and mice with genetic defects in DSB repair. A 

model is presented as to how DSBs could drive some of the basic mechanisms underlying age-

related functional decline and death.

Aging can be defined as a series of time-related, degenerative processes beginning in 

adulthood that eventually ends life. Aging, often referred to as organismal senescence, is 

universal among mammals and occurs in most organisms, with some exceptions in species 

such as Hydra. Aging leads to loss of function and a steeply increasing risk of diseases, such 

as cancer, heart disease, and diabetes. While multifactorial in nature, it is conceivable that 

aging is ultimately caused by a combination of toxic by-products of normal metabolism, 

such as reactive oxygen species (ROS) and imperfections in the systems that normally are 

capable of repairing cellular damage. Because of its central role in all living systems, DNA 

has long been considered as a major target of age-related cellular damage and a potential 

universal cause of aging (Gorbunova and Seluanov, 2016; Vijg, 2007). Indeed, the challenge 

that such damage posed to even the earliest living systems necessitated the emergence of 

highly advanced, conserved pathways of genome maintenance. Without such evolved 

pathways cells could not survive the high influx of spontaneous DNA damage, which is 
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estimated at ~2×105 lesions per day in a typical mammalian cell (Barnes and Lindahl, 2004). 

The majority of this damage is repaired swiftly and therefore unlikely to drive the aging 

process; however, some highly toxic lesions persisting in a very small quantity can pose a 

considerable threat to the cell and the organism. The best known of such lesions is the DNA 

double-strand break (DSB).

DNA DSBs occur in any given cell in the order of 10 to 50 per cell per day, depending on 

cell cycle and tissue (Vilenchik and Knudson, 2003). DSBs, as well as other lesions affecting 

both DNA strands, such as interstrand cross-links (ICLs), are difficult to remove and often 

lead to cell death, cellular senescence, or mutations (most notably genome structural 

variation). DSBs can be induced spontaneously, for example by ROS, but also through 

exposure to ionizing radiation, treatment with chemotherapeutic agents, or even through 

ingestion of nutritional supplements, such as bioflavonoids. In this perspective we will 

review current evidence that DNA DSBs are key lesions driving some of the specific 

molecular and cellular end points that characterize mammalian aging and age-related 

disease.

DSBs, DSB processing and aging

Once a DSB occurs within a cell, there is a rapid, concerted signaling cascade to process the 

damage and prevent adverse consequences that could impact cellular function and survival. 

Collectively this is known as the DNA damage response (DDR), which has been extensively 

reviewed, both for DNA damage in general and specifically for DSBs (Ceccaldi et al., 2016; 

Ciccia and Elledge, 2010; Jackson and Bartek, 2009). Here, the DDR in response to DSBs 

will be discussed in terms of its possible relationship with aging and longevity.

DSBs are detected by sensor proteins, most notably the MRE11/RAD50/NBS1 (MRN) 

complex and the Ku70/Ku80 heterodimer, which through many possible mediators and 

effectors signal the processes that lead to a number of possible outcomes, almost all of 

which are relevant to the aging process. The pathway choice that determines the outcome 

depends on a number of factors, including the type and/or severity of the damage, the cell 

type (e.g., mitotically active or not, stem cell or normal somatic cell), cell cycle stage, 

chromatin status and, possibly, age of the organism (Ceccaldi et al., 2016).

The best possible outcome of DSB processing is actual repair and restoration of an intact 

double helix. However, even if repair is successfully completed it may have been erroneous 

resulting in DNA mutations. Other pathway choices with possible adverse outcomes relevant 

to aging are apoptosis and cellular senescence.

At early age, under normal physiological conditions, adverse outcomes of DSB processing 

are rare and not immediately harmful to the organism. Indeed, they are beneficial since rapid 

repair promotes cell survival, even if this occasionally goes at the expense of mutations. The 

same applies to apoptosis, generally an efficient way to cleanse the soma of irreversibly 

damaged cells. Likewise, cellular senescence is now established as a key developmental 

process (Munoz-Espin et al., 2013) as well as a trigger of tissue remodeling upon damage 

(Demaria et al., 2014). However, at old age, the cumulative effects of all these events may 
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well be a cause of some of the well-documented phenotypes of aging, such as atrophy, 

inflammation, immuno-senescence, and cancer.

One of the first questions arising in relation to DSBs and aging is whether the frequency of 

such events increases with age. Spontaneous DNA damage levels in human and animal 

tissues are normally very low in spite of their high influx, due to the enormous efficiency of 

genome maintenance, making it difficult to study these events during normal aging in 

mammals. This is especially true for the highly toxic DSBs. However, snapshot estimates of 

DSB levels can be inferred by detecting DSB protein aggregates as microscopically visible, 

subnuclear foci. Most commonly used is phosphorylated histone H2AX (γH2AX), which 

often co-localizes with ATM, 53BP1, and RAD51. γH2AX foci are often used as a 

surrogate for DSBs based on their quantitative correlation with increasing doses of ionizing 

radiation (Rothkamm et al., 2015). Interestingly, while most foci quickly disappear after 

radiation, some remain for days to months (Siddiqui et al., 2015). γH2AX foci were 

especially shown to be highly persistent in close proximity to telomeres (Fumagalli et al., 

2012), which may reflect uncapped telomeres. Such persistent γH2AX foci have also been 

observed spontaneously, and increase with age, in human and animal cells and tissues, 

ranging from hematopoietic stem cells (HSCs) and dermal fibroblasts to liver, brain and 

ovarian primordial follicles (Hewitt et al., 2012; Rube et al., 2011; Sedelnikova et al., 2004; 

Titus et al., 2013; Wang et al., 2009). While such persistent γH2AX foci could reflect 

insufficient H2AX dephosphorylation (Mamouni et al., 2014), which may get worse with 

age, it is tempting to speculate that instead they mark DSBs that are difficult to repair, such 

as uncapped telomeres, which could explain their accumulation over time. Since persistency 

of γH2AX foci appears to depend on genomic location, it would be important to analyze 

DSBs with more direct assays capable of mapping these events genome-wide at the basepair 

level (Crosetto et al., 2013). Of note, the observed accumulation of persistent γH2AX foci is 

in keeping with a wealth of evidence that increased macromolecular damage, possibly as a 

consequence of imperfect maintenance systems is a hallmark of the aging process (Lopez-

Otin et al., 2013).

The presence of persistent DSBs has been shown to directly affect the functionality of the 

cell, specifically within the stem cell compartment. For example, when quiescent, HSCs are 

not affected by DSBs; however, when prompted to replicate in response to stress, HSCs from 

aged mice were found to divide more slowly or die (Flach et al., 2014; Moehrle et al., 2015; 

Rossi et al., 2007; Walter et al., 2015). Indeed, replication stress has been identified as a 

potent driver of functional decline of old HSCs (Flach et al., 2014). Proliferating stem cells 

are very sensitive to radiation-induced apoptosis, which then forces quiescent stem cells to 

proliferate to replace lost stem cells. Interestingly, when HSCs exit from quiescence virtually 

all DNA repair pathways are stimulated to repair damage before the cells continue cycling, 

even in aged HSC populations. The latter were found to exhibit a larger amount of SSBs and 

DSBs than cells from young animals (Beerman et al., 2014). Hence, at least in the 

hematopoietic system, DSBs limit cell renewal capacity and accumulation of DSBs during 

aging could adversely affect regeneration.

In the neuronal stem cell compartment the effects of DSBs are different. Here, when 

neuronal stem cells encounter damage, they are forced to undergo premature senescence or 
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terminally differentiate into astroglial cells (Schneider et al., 2013). This forced senescence 

intrinsically diminishes the proliferative potential of neuronal stem cells and over time may 

contribute to the neurodegeneration and cognitive impairment often seen in aging.

Taken together, there is consensus that γH2AX foci increase with age in multiple tissue 

types as well as in senescent cells. It is unknown if this increase reflects the accumulation of 

unrepaired DSBs, progressively delayed repair events, possibly as a consequence of an 

inherently limited capacity to process DSBs, or simply increasingly ineffective 

dephosphorylation. The latter seems unlikely because age-related accumulation of 53BP1 

foci, an independent marker for DSB repair, has also been observed (White et al., 2015). 

While the data pointing to possible physiological effects of γH2AX foci accumulating with 

age, specifically in HSCs, still remain inconsistent and needs further study, it is reasonable 

to hypothesize that DSB accumulation during aging is a major factor in the impairment of 

stem cell proliferative capacity.

DSB processing and repair as a function of age

Based on the evidence that unrepaired DSBs accumulate with age and are associated with a 

major age-related cellular phenotype, i.e., cellular senescence, it is important to study 

various aspects of the DDR in relation to aging. Interestingly, levels of ATM and its 

phosphorylation after ionizing radiation, which determines the kinase activity, were found to 

decrease in aged mice. This decreased ATM function was suggested to underlie the observed 

decline in p53 response to ionizing radiation in old animals (Feng et al., 2007). Also, the 

increased level of persistent γH2AX foci in ovarian mouse and human primordial follicles 

mentioned above was found to be accompanied by a reduced expression level of genes 

involved in DSB processing, including ATM, MRE11, RAD51 and BRCA1, but not BRCA2 

(Oktay et al., 2015; Titus et al., 2013), which may account for the decline of oocyte reserves 

in aging mammals.

More information is available on the capacity to repair DSBs in relation to age. DSB repair 

consists of two main pathways: homologous recombination (HR) and non-homologous end 

joining (NHEJ) (Aparicio et al., 2014; Chapman et al., 2012). In mammals NHEJ is the most 

commonly used pathway in all phases of the cell cycle. It does not require homologous ends 

and signals DSBs through the Ku70/Ku80 heterodimer and DNA-PKCS. After minimal 

processing by nucleases, the two ends of broken DNA are joined by the LIGIV/

XRCC4/XLF complex. NHEJ is error-prone because end processing can lead to small 

basepair deletions and translocations (Ghezraoui et al., 2014; Lieber, 2010). In addition to 

classical NHEJ, alternate pathways, such as Alt-NHEJ or microhomology-mediated end 

joining (MMEJ), can operate in mammalian cells. Although distinct mechanisms between 

Alt-NHEJ and MMEJ are still an active area of research, in general both are kinetically 

slower than NHEJ, rely on microhomologies at DNA ends, and can give rise to larger 

basepair deletions than classical NHEJ as well as translocations. Indeed, these alternative 

pathways are now considered a major source of genomic instability, which makes them 

highly relevant as DSB-induced mechanisms of aging and senescence. The alternative end 

joining pathways also involve different proteins; they can be initiated by PARP1, and can 
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also involve factors that function in HR, such as BRCA1 (Iliakis et al., 2015; Sfeir and 

Symington, 2015).

The other main pathway for DSB repair, HR, is evolutionarily highly conserved and, in 

contrast to NHEJ, is typically considered error-free. It operates during S and G2 phases 

using sister chromatids as template for repair after extensive end resection. In mammalian 

cells, even in cycling cells, HR is much less important than NHEJ. Indeed, it seems that 

DSBs caused by replication stress are the primary substrates for HR in mitotic cells. HR is 

initiated by signaling from ATM or ATR, with many factors involved in end resection, 

including the MRN complex, BRCA1, CtIP and members of the RECQ family of helicases. 

While generally error-free, HR can still give rise to genome rearrangements when 

recombination involves homologous sequences on heterologous chromosomes or repeat 

elements (Hu et al., 2013; Morales et al., 2015; Richardson and Jasin, 2000). For example, in 

yeast unequal homologous recombination at the rDNA locus leads to the production of 

extrachromosomal DNA, which is likely to be the cause of yeast replicative aging (Sinclair 

and Guarente, 1997), but can also occur in humans (Warmerdam et al., 2016).

While rapid joining of DSB ends is obviously beneficial for the survival of the cell, the 

mutations associated with DSB repair are potential causal factors in aging and age-related 

diseases, most notably cancer. Interestingly, based on the known frequency of 

cytogenetically detectable chromosome breaks in human cells it has been estimated that over 

the lifetime of an average individual each typical somatic cell would have an estimated 2,300 

imprecise repair sites, distributed throughout the genome, as a consequence of errors 

associated with end joining (Lieber and Karanjawala, 2004). To confirm this estimate it 

would be necessary to analyze the somatic genome for all possible genome structural 

variations, including deletions varying from a few to many thousands of basepairs. Since 

such events would be different from cell to cell such an analysis has not been possible. 

However, genome structural variations, including deletions and translocations, have been 

demonstrated to occur in mouse somatic tissues and increase with age (Dolle et al., 1997; 

Dolle et al., 2000). These results were based on breakpoints detected in a genomically-

integrated selectable reporter gene rather than genome-wide sequence analysis. By 

extrapolating from the 3000 bp reporter locus to the genome overall, genome rearrangements 

in the mouse heart were estimated to increase with age to about 40 rearrangements per 

cardiomyocyte (Dolle and Vijg, 2002). More recently, quantitative assays have been 

developed to comprehensively analyze genome structural variation by next-generation 

sequencing (Chiarle et al., 2011; Maslov et al., 2015; Quispe-Tintaya et al., 2016). Using 

these and other assays, which hopefully will emerge in the near future, it should be able to 

empirically confirm the impact of erroneous DSB repair on the aging process.

Apart from the mutational consequences of DSB repair, the possibility has been considered 

that a decline in repair capacity with age would lead to reduced cell survival and therefore 

cell depletion. The first evidence of decreased NHEJ efficiency in aging was observed in 

senescent human diploid fibroblasts, where NHEJ events were scored using a GFP reporter 

plasmid co-transfected with I-SceI, a restriction enzyme, to induce DSBs within the 

construct (Seluanov et al., 2004). However, cellular senescence, i.e., in vitro aging, is not the 

same as organismal aging. Nevertheless, these findings were consistent with results showing 
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that the capacity of cell extracts prepared from isolated neurons from rat cerebral cortex to 

join a linearized plasmid declines with age (Vyjayanti and Rao, 2006). Using a similar 

approach, another group found that NHEJ capacity declines with age in rat lung, liver, and 

kidney. Interestingly, they also found that dietary restriction, a life span extension 

intervention, prevented the age-dependent decline in NHEJ, albeit the extent of 

compensation was variable among tissues (Lee et al., 2011).

More recently, an age-related decline in NHEJ was confirmed using a transgenic mouse 

model with a GFP-based NHEJ reporter cassette knocked into the ROSA26 locus. In this 

model, DSBs are generated by the site-specific endonuclease, I-SceI, with the reconstitution 

of a functional GFP gene a measure of NHEJ activity. NHEJ was shown to significantly 

decline with age in fibroblasts from heart, lung, kidney, and skin, as well as in astrocytes, 

with skin showing the most drastic decline (Vaidya et al., 2014). Skin fibroblasts also have 

the highest rate of senescence in aged mammals (Jeyapalan et al., 2007).

Many studies have shown that HR repair efficacy declines with age in mammals. The first 

evidence of this was for interchromosomal HR, where DSBs were created at I-SceI 

restriction sites on two heterologous chromosomes but between homologous nonfunctional 

GFP reporters, in both young and old mice. Of the tissues analyzed, the most drastic age-

related decline in HR was observed in pancreas, lung, and thymus, while more modest 

declines were observed in spleen and kidney (White et al., 2013). Similar results were 

obtained for intrachromosomal HR, using a non-functional GFP reporter to measure 

spontaneous HR in mouse tissue (Sukup-Jackson et al., 2014). In these mice it was shown 

that recombinant cells accumulate with age in the colon (Sukup-Jackson et al., 2014). Since 

HR is more dependent on progressing through S and G2 phases of the cell cycle, due to 

reliance of an available sister chromatid, observations of reduced repair efficacy may be 

more indicative of reduced cellular proliferation in aging tissues, for example, due to the 

increase in senescent cells across tissues (Wang et al., 2009). Indeed, Mao et al. showed that 

senescent fibroblasts displayed a suppression of HR greater than that observed in early 

replicating fibroblasts, obviously due to the G1 arrest of the cells. However, HR could be 

stimulated in both replicating and senescent fibroblasts by the overexpression of SIRT6, a 

mono-ADP ribosyltransferase previously associated with the control of longevity and the 

regulation of DNA repair, most likely through the activation of PARP1 and CtIP (Mao et al., 

2011; Mao et al., 2012).

An intriguing recent report highlighted that knocking down of BRCA1 in the mouse dentate 

gyrus increased DSBs and led to cognitive deficits in learning and memory. BRCA1 was 

also found to be reduced in the brains of AD patients and human amyloid precursor protein 

(hAPP) transgenic mice (Suberbielle et al., 2015). Since HR is not the pathway of choice in 

post-mitotic cells these results are difficult to interpret. However, it should be noted that 

BRCA1 also participates in Alt-NHEJ (see above).

In summary, there is ample evidence for age-related changes in DSB processing and repair, 

including observed declines in NHEJ and HR, the two main pathways for repairing DSBs. 

Still unknown are the mechanisms that underlie these age-related changes. However, 

somewhat ironically, it is conceivable that the accumulation of DNA damage itself, 
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including DSBs, contributes to the age-related functional loss in DNA damage responses, 

either directly by affecting gene transcription or though the genome-wide accumulation of 

mutations (Gorbunova and Seluanov, 2016; Lieber and Karanjawala, 2004). Irrespective of 

the mechanisms underlying the observed age-related loss of DSB repair capacity and 

increased numbers of DSBs with age, it is important to test if reduced DSB repair can lead 

to aging phenotypes. This can be studied by testing the effects of heritable defects in DSB 

repair pathways.

Do defects in DSB repair cause premature aging?

One approach to gain more insight into the basic mechanisms of aging is the use of 

segmental progeroid syndromes, i.e., diseases in which multiple phenotypes generally 

associated with normal aging appear prematurely. This approach is somewhat controversial 

in the field. In contrast to most areas in biology, e.g., development, cancer, many 

investigators in aging research do not accept mutants with compromised function as 

informative, but require improved function and lifespan extension as the way to reveal 

mechanisms underlying aging. Nevertheless, important new findings based on such models 

have provided new insights into possible causes of aging (Hasty et al., 2003). Indeed, it now 

appears that most, if not all, human premature aging diseases are caused by heritable 

mutations in genes directly or indirectly affecting genome maintenance. Moreover, 

mutations targeted to genes involved in genome maintenance, usually in mice, have been 

demonstrated to cause multiple symptoms of premature aging. The unique association of 

premature aging with defects in genome maintenance provides strong evidence for DNA 

damage as a driver of aging (Hasty et al., 2003; Hoeijmakers, 2009), with several of the key 

proteins involved in DSB processing and repair implicated in aging and aging-related 

disease (Ciccia and Elledge, 2010). However, while progeroid syndromes and mouse models 

provide evidence for some involvement of DSB repair defects in premature aging, the 

picture is far from clear.

The best example of a human progeroid syndrome is Werner Syndrome (WS), a rare 

autosomal recessive disorder caused by heritable mutations in the WRN gene, a RecQ 

helicase (Monnat, 2010). RecQ helicases are highly conserved proteins with roles in NHEJ 

and HR (Bernstein et al., 2010). WS patients undergo normal development, but then 

prematurely exhibit many clinical signs of aging, including graying-hair, sarcopenia, skin 

atrophy, telangiectasia, osteoporosis, increased incidence of cancer (characteristically of 

mesenchymal origin), atherosclerosis, and shortened lifespan (Goto, 1997). Intriguingly, 

Wrn−/− mice do not display any of the clinical phenotypes associated with WS (Lombard et 

al., 2000), but when crossed to mice lacking Terc (telomerase RNA-component) most 

clinical phenotypes of WS were recapitulated (Chang et al., 2004). This is most likely due to 

the presence of unusually long telomeres in laboratory mice. There are multiple examples of 

differences between mice and humans in genome maintenance and these results obtained 

with WRN underscore that sometimes-additional genetic factors are needed to recapitulate a 

human phenotype in the mouse.

Syndromes caused by defects in other RecQ helicases, such as Bloom syndrome and 

Rothmund-Thomson syndrome, caused by mutations in the BLM and RECQL4 genes, 
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respectively, are much less convincing as segmental progeroid syndromes for reasons 

unknown. Indeed, at least BLM is also involved in HR, with the syndrome mainly displaying 

increased cancer.

Another human disease often considered a segmental progeroid syndrome is Ataxia-

Telangiectasia (A–T), a rare autosomal recessive disorder caused by truncating mutations in 

ATM. Its most prevalent phenotypes are progressive cerebellar ataxia, dilated blood vessels 

(telangiectasia), immunodeficiency, increased susceptibility to lymphoid cancers, and 

premature graying of hair (Shiloh and Ziv, 2013). Cells isolated from patients display 

increased DSBs, sensitivity to ionizing radiation, and also show a lack of p53 activation in 

response to DNA damage as well as increased telomere shortening (Metcalfe et al., 1996; 

Meyn, 1995) with premature senescence of cells in culture. Thus, while intimately involved 

in the response to DSBs. A–T is a much less convincing accelerated aging syndrome than 

WS.

Mice with homozygously disrupted Atm mimic the clinical human A–T phenotype, 

including neurological dysfunction albeit without ataxia (Barlow et al., 1996). Interestingly, 

similar to Wrn-null mice, when Atm-null mice were bred into a Terc-deficient background 

symptoms of premature aging were greatly increased, varying from kyphosis to reduced 

muscle and fat mass (Wong et al., 2003). Hence, in both Wrn- and Atm-deficient mice some 

form of premature aging is greatly accelerated when accompanied by a telomere defect. The 

explanation for this probably resides in increased genomic instability, such as uncapped 

telomeres, or apoptosis resulting in diminished stem cell reserve (Sharpless and DePinho, 

2007). This is supported by the observation that conditional deletion of Atr results in 

multiple symptoms of premature aging, such as graying hair, alopecia, kyphosis, and 

osteoporosis (Ruzankina et al., 2007). Hence, replicative stress could be a major mechanism 

of stem cell aging, possibly through the production of DSBs (Flach et al., 2014), although 

more in depth studies should be performed.

Mice harboring mutations in genes involved in NHEJ also show signs and symptoms of 

premature aging. The first such report was in mice deficient in Ku80 (Vogel et al., 1999). 

Ku80-deficient mice have a significantly shortened life span and exhibit early onset of 

common aging pathologies, such as osteoporosis, kyphosis, multiple liver pathologies, 

alopecia, and cancer (Vogel et al., 1999). Moreover, these mice display severe combined 

immunodeficiency, due to the defect in immunoglobulin class switch and V(D)J 

recombination (Zhu et al., 1996). Similar progeroid phenotypes were observed in mice 

deficient for Ku70 or DNA-PKcs (Espejel et al., 2004; Li et al., 2007; Reiling et al., 2014). 

However, Ku heterodimers do not act solely in NHEJ, but has other functions, most notably 

in telomere maintenance (Downs and Jackson, 2004). Telomere erosion is considered a 

major pro-aging phenotype and can lead to DSBs, but it cannot a priori be assumed that 

premature aging in Ku-deficient mice is due to defective DSB repair. DNA Ligase IV, the 

necessary ligase in NHEJ, was found to be embryonically lethal, most likely due to a large 

amount of unresolved DSBs occurring during neuronal development (Frank et al., 2000), 

and thus its relationship to aging remains elusive.

White and Vijg Page 8

Mol Cell. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Yet more insight into aging is derived from BRCA1 and BRCA2 mutants. Although a 

complete understanding of the role these proteins play is still lacking, they both function in 

HR with loss of either BRCA1 or BRCA2 resulting in a reduction in HR (Moynahan and 

Jasin, 2010) and both are implicated in hereditary breast and ovarian cancer susceptibility. 

Mice with homozygous deletions of either Brca1 or Brca2 are embryonically lethal, which is 

generally attributed to the high levels of cellular senescence and apoptosis during 

development (Sharan et al., 1997; Xu et al., 2001). Interestingly, when Brca1+/− mice were 

crossed into a p53+/− background, homozygous embryonic lethality was rescued and these 

mice displayed multiple premature aging phenotypes, such as osteoporosis, atrophy, 

kyphosis, decreased body weight, and increased tumor incidence (Cao et al., 2003).

Yet another genome maintenance gene, that if inactivated, showing symptoms of premature 

aging is ERCC1. The ERCC1–XPF heterodimer is a 5’-3’ structure-specific endonuclease 

that plays an important role in nucleotide excision repair, ICL repair, and DSB repair. Cells 

deficient in ERCC1–XPF are sensitive to DSBs and show reduced activity in the single 

strand annealing process of HR (Ahmad et al., 2008; Niedernhofer et al., 2004). 

Homozygous knockouts for Ercc1 display extreme growth retardation and a severely 

shortened lifespan, within 4 weeks of birth. These mice also have a host of age-related 

pathologies ranging from osteoporosis, neurodegeneration, and sarcopenia, as well as liver 

and renal failure (Garinis et al., 2008). In the Ercc1−/Δ7 mutant mice, the presence one 

truncated allele is able to delay the progression of the segmental progeroid features and 

increase life expectancy to ~ 20 weeks (Dolle et al., 2011). The only reported human patient 

corresponding to the Ercc1-deficient mice had a mutation in XPF (Niedernhofer et al., 

2006).

Together, human progeroid syndromes and mouse models deficient in components of DSB 

repair underscore a possible role for DSBs as drivers of aging. In this respect, they confirm 

the potential importance of the observed age-related decline in various aspects of DSB repair 

for the emergence of aging phenotypes. Importantly, distinctive phenotypic trends can be 

inferred from the commonalities shared between the human syndromes and their respective 

mouse models. These include osteoporosis, general atrophy, neurological deficits, as well as 

the obvious immunodeficiency and increased predisposition to malignancy. However, the 

situation is far from clear, as illustrated by the fact that disruption of a major player in DSB 

processing, i.e., ATM, shows a very limited premature aging phenotype. Also other disorders 

with DSB repair defects (DNA ligase IV Syndrome, Artemis deficiency, XLF deficiency) do 

not show multiple progeroid phenotypes. To some extent this could be due to differences 

between mice and humans, with more distinct progeroid syndromes appearing when also 

deficiencies in other genes are present. However, the main reason for the apparent 

inconsistency between DSB repair mutants and premature aging is likely the difficulty of 

mimicking natural aging through only one or few gene mutants. For example, defects in 

ATM may not result in premature aging precisely because signals to elicit cell death are now 

prevented. Conversely, gene defects found associated with bona fide aging symptoms may 

not act by impairing just DSB repair, which could explain why WS patients show marked 

progeroid features but their DSB repair capacity is nearly normal. Hence, what would be 

needed is conclusive evidence that DSBs themselves, either endogenous or exogenous, are 

capable of inducing aging phenotypes.
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Can DSBs themselves cause aging?

To definitively show that DNA DSBs can, at least in part, cause aging, approaches that allow 

induction of these highly toxic lesions alone, without pleiotropic side effects, are essential. 

Early studies revealed that radiation exposure, known to induce DSBs, appeared to show 

early signs of aging in rodents as well as humans (Henshaw et al., 1947; Russ and Scott, 

1939; Warren, 1971).

More recently, it was shown that many adult survivors of juvenile cancer develop symptoms 

of premature aging later in life, up to 30 years after treatment with high doses of anticancer 

agents, such as radiation and chemotherapeutic drugs, most of which induce DSBs not only 

in the tumor cells but also in adjacent normal cells (Oeffinger et al., 2006). Symptoms 

include increased risk for heart failure, severe cognitive decline, coronary heart disease, 

secondary neoplasms and advanced frailty (Inskip et al., 2009; Ness et al., 2013; Oeffinger et 

al., 2006). It is tempting to speculate that premature accumulation of DSBs and the effects of 

their processing are the cause of premature aging in these childhood cancer survivors.

However, it remains difficult to rule out the possibility that premature aging under these 

circumstances is a consequence of the pleotropic effects caused by clastogenic compounds 

or DNA repair defects. Indeed, agents that damage DNA often also cause damage to proteins 

or other macromolecules and genes involved in DNA repair may have other functions as 

well. Hence, it is important to analyze the effects of DSBs only. Two mouse models were 

recently developed to address this critical gap (Figure 1). The first such model involves an 

adenoviral-based delivery system capable of inducing “clean” DSBs, through a tetracycline-

controlled SacI restriction enzyme, in mouse liver after tail vein injection (White et al., 

2015). Applying this system to induce DSBs in the liver of young mice revealed that at 1 and 

2 months after treatment patterns of liver-characteristic aging pathology were increased, 

similar to those seen in naturally aged mice, e.g., karyomegaly, inflammatory infiltrates, 

megamitochondria, and markers of cellular senescence. Additionally, alterations in liver 

gene expression profiles were found to overlap significantly with those of normally aged 

mice, indicating significant increases in inflammation pathways and decreases in liver 

function (White et al., 2015). However, some typical age-related pathologies, such as 

lipofuscin accumulation, were not found to be increased. Also cancer was not observed at 

this early age level, but may still occur at a high frequency at later ages.

The above studies were restricted to mouse liver; however, another mouse model was 

developed recently harboring a transgene capable of ubiquitous expression of the I-PpoI 

restriction enzyme to induce DSBs (Kim et al., 2015). Although as of yet this model has not 

been reported to show symptoms of premature aging (David Sinclair, personal 

communication).

While initial results obtained with one of these mouse models suggest that DSBs alone are 

indeed capable of inducing multiple aging phenotypes in parallel in an accelerated manner, 

follow-up studies at later time points are required to test the effects of DSBs on life span and 

health span. Importantly, these same models could prove useful in testing the effect of 
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putative interventions in reducing the adverse consequences of DSBs, such as senescence, 

cell death, and inflammation.

Future prospects

There is now a growing body of evidence that toxic DNA damage, most notably DNA 

DSBs, may be capable of driving multiple age-related phenotypes. As we have seen, normal 

DSB repair responses show a tendency to decline with age while DSBs and the 

consequences of their erroneous repair, i.e., genome structural variation, increase in tissues 

of aging mammals. Moreover, defects in DSB repair are sometimes associated with 

premature aging in both humans and mice, while the long-term effects of agents known to 

induce DSBs include mild symptoms of progeria. Indeed, new mouse models demonstrating 

that induction of DSBs alone can recapitulate multiple premature aging phenotypes very 

early in life are the closest we have come to establishing a cause and effect relationship. 

However, a direct link of DSBs to normal aging remains unproven due to at least two 

important gaps in our knowledge.

First, we do not know if DSBs and their accumulating adverse effects ever rise to a high 

enough level to explain the observed functional loss and increased disease risk that are 

hallmarks of aging. To begin studying this it will be necessary to define the landscape of 

DSBs and their consequences in detail. In turn, this means that we need quantitative methods 

to study persistent DSBs, genome structural variations and other mutations at the base pair 

level, as well as accurate measures for senescent cells and loss of normal cells in aging 

organisms. While significant improvements are being made, we do not yet have the 

necessary information to begin generating the quantitative cause and effect models.

Second, while inactivation of genes involved in DSB processing and repair can cause some 

forms of accelerated aging, the overall pattern is still murky, with many DSB repair 

deficiencies showing a limited number of premature aging pathologies. While such findings 

are by themselves not surprising, since it is highly unlikely that any single gene defect can 

produce a complete phenocopy of the normal aging process, it nevertheless calls for an 

alternative approach to test a role for DSBs in aging. One way would be to use the DSB 

induction models in a controlled manner, testing if the severity of the various aging 

phenotypes increases with the amount of DSBs. However, a secondary approach would be to 

generate mouse models engineered to improve DSB processing and repair and/or prevent 

some of their adverse effects. Indeed, a demonstration that interventions known to extend 

life span in multiple organisms, such as dietary restriction (Fontana and Partridge, 2015), do 

so by diminishing DSBs and/or their consequences would be necessary. Recent efforts have 

focused attention on several potential ‘master’ regulators of organismal longevity, which 

also appear to affect DSB repair, such as the sirtuin family of mono-ADP-ribosyltransferases 

or deacetylases, and the FOXO family of transcription factors. FOXO3A has been 

genetically associated with extreme longevity in humans (Flachsbart et al., 2009) and SIRT1 

and SIRT6 have been mechanistically linked to increased life span in animal models (Kanfi 

et al., 2012; Mostoslavsky et al., 2006). All three genes have also been implicated in DSB 

repair (Mao et al., 2012; Mostoslavsky et al., 2006; Oberdoerffer et al., 2008; Tran et al., 

2002). A demonstration that increased life span of mouse models engineered to have 
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improved sirtuin or FOXO function also reduces spontaneous DSBs and their molecular and 

cellular end points would provide critical evidence for a causal role of DSBs in the aging 

process.

Collectively, the data presented above on the effects of age on DSBs and DSB repair, the 

occurrence of premature aging in humans and mice with genetic defects in DSB repair, and 

the pro-aging effects of DSBs induced by radiation, chemotherapeutic agents or genetic 

constructs harboring restriction enzymes, suggest some causal role for DSBs as one of the 

main culprits driving aging. We have illustrated this in a model, in which DSBs promote 

aging through a variety of molecular and cellular end points, including genome structural 

variations, cellular senescence, and apoptosis (Figure 2). Together these end points, which 

are likely to differ across tissues, can contribute to some well-documented hallmarks of 

aging, including neurodegeneration, cancer, loss of regenerative capacity and inflammation. 

However, before the true role of DSBs in the process of age-related tissue degeneration, 

functional loss and organismal decline can be understood, a much more rigorous, 

quantitative examination of the mechanisms underlying the sequence of events from DSBs 

to the aging phenotype is essential.
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Figure 1. Models to study DSB-induced aging
Two methods to induce clean DSBs provide tools to dissect the age-related consequences 

stemming from DSBs alone. The first method induces DSBs via adenoviral delivery of a 

restriction enzyme, SacI, which is under control of tetracycline and tamoxifen (White et al., 

2015). The second method, a transgenic mouse model, induces DSBs conditionally using the 

I-PpoI restriction enzyme fused to GFP under control of tamoxifen, and in a tissue-specific 

manner using Cre recombinase (Kim et al., 2015).
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Figure 2. DNA double-strand breaks (DSBs), cellular consequences, and the pathways leading to 
aging
DSBs, arising endogenously or exogenously, activate the DDR that directs cells to repair the 

break, enter apoptosis, or undergo cellular senescence. The resulting molecular and cellular 

end points can cause the physiologically detrimental consequences over time leading to the 

overall decline of an organism, ultimately resulting in disease and death.
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