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Abstract 13 

DNA damage is a constant stressor to the cell. Pers istent damage to the DNA over time results 14 

in an increased risk of mutation and an accumulatio n of mutations with age. Loss of efficient 15 

DNA damage repair can lead to accelerated ageing ph enotypes or an increased cancer risk, 16 

and the trade-off between cancer susceptibility and  longevity is often driven by the cell’s 17 

response to DNA damage. High levels of mutations in  DNA repair mutants often leads to 18 

excessive cell death and stem cell exhaustion which  may promote premature ageing. Stem 19 

cells themselves have distinct characteristics that  enable them to retain low mutation rates. 20 

However, when mutations do arise, stem cell clonal expansion can also contribute to age-21 

related tissue dysfunction as well as heightened ca ncer risk. In this review, we will highlight 22 

increasing DNA damage and mutation accumulation as hallmarks common to both ageing and 23 

cancer. We will propose that anti-ageing interventi ons might be cancer preventative and 24 

discuss the mechanisms through which they may act.  25 

Key words: ageing, cancer, longevity, lifespan, hea lthspan, DNA damage, DNA repair, stem 26 

cells, chromatin, mutation, epigenetic 27 

 28 

What is DNA damage?  Types and sources of damage  29 

DNA is subject to constant assault, an estimated 70,000 lesions occur per day for a typical human cell 30 

(Lindahl and Barnes 2000). This damage can originate from endogenous sources, such as reactive 31 

oxygen species (ROS), enzyme action and replication errors. Depurination, depyrimidination, single 32 

strand breaks (SSBs), 8-oxoG and cytosine deamination are the most common forms of DNA damage 33 

that arise spontaneously (Lindahl and Barnes 2000). ROS causes direct modification to DNA bases 34 

by oxidation and results in conversion of guanine to 8oxoG. Depurination arises from spontaneous 35 

chemical reactions, typically hydrolysis, which breaks the labile glycosidic bonds between the DNA 36 
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base and the deoxyribose creating an abasic site. These sites can result in mutations due to 37 

misincorporation by DNA polymerase or trans-lesion synthesis (TLS) (Tubbs and Nussenzweig 2017). 38 

Spontaneous, hydrolytic reactions such as deamination, can also cause mutations, for instance 39 

cytosine deamination converts it to uracil, while deaminated 5-methylcytosine becomes thymine. This 40 

process results in mutation accumulation over time and the mutational signature of 5-methyl-cytosine 41 

deamination shows a strong positive correlation with the age of when cancer is diagnosed 42 

(Alexandrov, Nik-Zainal et al. 2013). During DNA replication the frequency of these spontaneous 43 

reactions increases due to the exposure of more vulnerable ssDNA (Lindahl 1993). Therefore, in 44 

scenarios where ssDNA is exposed for prolonged periods such as replication or transcriptional stress, 45 

the likelihood of damage occurring increases.  46 

Mitochondrial dysfunction and metabolic stress can result in increased production of reactive by-47 

products such as ROS, lipid peroxides, oxidatively damaged proteins and aldehydes, of which lipid 48 

peroxidation may be particularly harmful due to its unique ability to propagate and amplify (Niki 2009, 49 

Garaycoechea, Crossan et al. 2018). These reactive by-products, as well as endonuclease cleavage 50 

can cause endogenous SSBs and double strand breaks (DSBs) (Mizumoto, Ohashi et al. 2017, 51 

Garaycoechea, Crossan et al. 2018). Another cause for SSBs and DSBs can be transcriptional stress 52 

due to abortive topoisomerase 2 action (TOP2CC cleavage complexes). The frequency of these 53 

events is increased in the presence of other lesions such as base cytotoxic modifications (Pommier, 54 

Sun et al. 2016). In addition, DNA damage lesions that are close in proximity, such as SSBs or closely 55 

spaced ongoing BER or NER on opposite strands, can further progress into DSB (Cortez 2015). 56 

DSBs can also form when stalled replication forks collapse (Halazonetis, Gorgoulis et al. 2008), 57 

further underlining how replication and transcriptional stress can contribute to endogenous DNA 58 

damage.  The variety of causes for DSBs is important because, although this is the least frequent 59 

form of damage, DSBs are the most dangerous form of damage. 60 

Multiple exogenous agents induce DNA damage, including UV light, ionising radiation, and chemical 61 

mutagens, such as polycyclic aromatic hydrocarbons present in tobacco smoke (Barnes, Zubair et al. 62 

2018, Basu 2018, Kucab, Zou et al. 2019). These agents cause chemical or physical modifications to 63 

the DNA often producing specific structures that are recognised by distinct repair enzymes.  64 

Interestingly, some cancer inducing chemicals do not seem to cause DNA mutations, but they induce 65 

selective constraint and expansion of existing clones instead, without generating specific mutation 66 

signatures (Riva, Pandiri et al. 2020). Perhaps similarly, an “invisible” chemical or a metabolite, that 67 

does not leave fingerprints on DNA, could abet clonal expansion among hematopoietic stem cells 68 

(HSC) during ageing (Al Zouabi and Bardin 2020). 69 

 70 

Overall, DNA is continuously being damaged, often by unavoidable cellular metabolic processes. The 71 

challenge is to match a variety of different DNA lesions with the most adequate DNA repair enzymes 72 

and to coordinate the repair with other cellular activities. 73 

 74 

How is DNA damage repaired? DNA damage repair pathways 75 
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Complex repair pathways have evolved to deal with the persistent problem of DNA damage 76 

(Hoeijmakers 2001). They have been particularly well characterised in E. coli, yeast and mammals, 77 

and remarkable evolutionary conservation of repair enzymes have been observed between different 78 

organisms (Aravind, Walker et al. 1999, Ciccia and Elledge 2010). The repair pathway utilised 79 

depends on the type of damage incurred, the phase of the cell cycle and the availability of repair 80 

machinery. Below we describe DNA repair pathways, focusing mainly on mammalian systems. 81 

Replication fidelity is preserved by the proofreading activity of polymerases (Kunkel and Bebenek 82 

2000), mismatch repair (MMR) (Stojic, Brun et al. 2004, Kolodner 2016, Radman 2016) and regulation 83 

of the nucleotide pool’s quality and quantity (Mathews 2006). Lesions which block replicative DNA pol 84 

δ/ε can be bypassed using translational synthesis (TLS) polymerases (Friedberg 2005, Fuchs 2016, 85 

Yang and Gao 2018) or repaired by template switching (TS) (Berti and Vindigni 2016, Lovett 2017). 86 

Both TLS and TS, can be mutagenic and can be thought of as damage tolerance instead of repair. 87 

Lesions that distort the DNA helix, such as bulky adducts or UV-light induced pyrimidine-dimers, are 88 

repaired by nucleotide-excision repair (NER). Lesions that do not alter the helical structure of DNA, 89 

such as 8-oxoG, uracil or an AP (apurinic/apyrimidinic) site, are repaired by base excision repair 90 

(BER). BER also acts upon SSBs. DSBs are repaired by homologous recombination (HR), non-91 

homologous end joining (NHEJ) or alternative NHEJ (Alt-NHEJ), a microhomology-based pathway. 92 

Different repair pathways are predominant in different phases of the cell cycle, for example HR 93 

requires the presence of homologous or sister chromosomes and is therefore active during late S and 94 

G2 phase (Branzei and Foiani 2008, Her and Bunting 2018). Pathway activity is determined by CDK 95 

activity which regulates the expression of the required repair factors. For example, CDK2 activity is 96 

required for the expression of CtIP which promotes end resection, a key step for the initiation of HR 97 

(Buis, Stoneham et al. 2012, Ferretti, Lafranchi et al. 2013). 98 

NHEJ is divided into classical NHEJ (c-NHEJ) and alternative NHEJ (Alt-NHEJ). HR is divided into 99 

gene conversion HR (GC-HR) and single strand annealing (SSA-HR) (Ferretti, Lafranchi et al. 2013). 100 

HR requires a plethora of repair enzymes and factors which are often shared with other repair 101 

pathways such as the Fanconi anaemia (FA) pathways (Michl, Zimmer et al. 2016) which repair 102 

interstrand cross links (ICLs) and template switching (Pilzecker, Buoninfante et al. 2019) which relies 103 

on the use of HR machinery e.g. BRCA2 and Rad51 (Sullivan and Bernstein 2018). 104 

The switch from NHEJ to HR is influenced by the complexity of the break site, by the availability of 105 

DNA repair components and the compaction of the chromatin (Beucher, Birraux et al. 2009, Neal, 106 

Dang et al. 2011, Shibata, Conrad et al. 2011, Kakarougkas, Ismail et al. 2013). NHEJ is thought to 107 

be more erroneous than HR, however the cell repairs over 80% of DSBs by using NHEJ (Mao, 108 

Bozzella et al. 2008, Beucher, Birraux et al. 2009, Karanam, Kafri et al. 2012, Shahar, Ram et al. 109 

2012). Even in G2 phase cells, NHEJ may be the first-choice pathway, as cells which lack DNA LigIV, 110 

a key component for NHEJ, not only exhibit a G1 phase repair defect but a G2 phase repair defect as 111 

well (Beucher, Birraux et al. 2009, Shibata, Conrad et al. 2011). This may be due to the ease and 112 

speed of NHEJ. A subset of DSBs, around 15-20%, which cannot be repaired by NHEJ undergo end 113 

resection and repair by HR (Ward 2000, Beucher, Birraux et al. 2009).  114 
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The choice between NHEJ and HR is also governed by levels of 53BP1. 53BP1 acts to restrain end 115 

resection whilst CtIP acts to promote it. However, 53BP1, along with its effector protein Shieldin 116 

(Gupta, Somyajit et al. 2018, Noordermeer, Adam et al. 2018) also determines whether HR is carried 117 

out by gene conversion (GC), typically thought of as an ‘error-free’ repair mechanism, or SSA which is 118 

a result of extensive end resection and is highly erroneous. In this way 53BP1 prevents excessive end 119 

resection and ensures the fidelity of HR (Ochs, Somyajit et al. 2016). Recent studies further indicate 120 

that HR can be mutagenic (Hicks, Kim et al. 2010, Rodgers and McVey 2016, Her and Bunting 2018). 121 

This is likely to be due to the involvement of translesion synthesis polymerases such as Polζ (Li, 122 

Holzschu et al. 2013, Sebesta, Burkovics et al. 2013, Sakofsky, Ayyar et al. 2015, McVey, 123 

Khodaverdian et al. 2016) and because the ssDNA generated in the repair process is more at risk of 124 

being damaged (Yang, Gordenin et al. 2010). 125 

The repair of DNA must happen within the broader context of the nuclear landscape/architecture; 126 

therefore, chromatin dynamics and modifications are also key player in the repair. The DNA damage 127 

response invokes a large array of histone modifications, e.g. poly-ADP ribose (PAR) chains, γH2AX, 128 

H2A-Ubiquitination. These facilitate repair in multiple ways, for example, reducing local rate of 129 

transcription, opening up compacted chromatin regions or serving as recruitment or signalling 130 

platforms for repair enzymes/processes (Mattiroli, Vissers et al. 2012, Cao, Shen et al. 2016, Ochs, 131 

Somyajit et al. 2016, Palazzo and Ahel 2018, Van and Santos 2018, Meisenberg, Pinder et al. 2019). 132 

High levels of chromatin accessibility and transcription are associated with fewer base-pair 133 

substitutions perhaps due to more efficient MMR or TC-NER (Zheng, Wang et al. 2014, Supek and 134 

Lehner 2015, Haradhvala, Polak et al. 2016). Mutation rate in euchromatic, early replicating regions of 135 

the DNA is reduced compared to late-replicating, heterochromatic regions (Stamatoyannopoulos, 136 

Adzhubei et al. 2009). This may be due to early regions having more time to detect and repair faults 137 

while late-replicating regions are often rich in repetitive sequences which are problematic for 138 

polymerases. Chromatin accessibly is not, however, a guarantee of more proficient repair, as despite 139 

the DNA being accessible in transcriptionally active regions, the presence of DNA-binding factors 140 

such as transcription factors can cause exclusion of repair proteins (Sabarinathan, Mularoni et al. 141 

2016). Transcriptionally active and accessible regions tend to accumulate genomic rearrangements 142 

(Morganella, Alexandrov et al. 2016) and mutational hot spots (Lodato, Woodworth et al. 2015), 143 

including regulatory regions (Aguilera 2002, Perera, Poulos et al. 2016).  144 

Heterochromatic DSBs are preferentially repaired by HR (Goodarzi, Jeggo et al. 2010, Goodarzi, 145 

Kurka et al. 2011, Shibata, Conrad et al. 2011, Kakarougkas, Ismail et al. 2013). The co-localisation 146 

of γH2AX, 53BP1, and MDC1 is exclusive to areas of H3K9me3, a mark of condensed chromatin. 147 

This suggests the assembly of these factors is promoted in heterochromatic regions and may 148 

contribute to the preference of HR in heterochromatic regions (Rübe, Lorat et al. 2011). Within 149 

heterochromatin, DSB repair may rely on a specific HR pathway that is dependent on ATM and 150 

involves Artemis, 53BP1, RNF168 and RNF8 (Goodarzi, Noon et al. 2008). Repair efficiency has also 151 

been correlated with the mobility of DSBs. Heterochromatic DSBs are often extruded to the periphery 152 

of the heterochromatic domain to undergo repair (Caridi, D'Agostino et al. 2018). However, extrusion 153 
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of DSBs also occurs for irreparable DSBs. They are pushed out to the nuclear periphery as a last 154 

resort to prevent interference with undamaged DNA (Marnef and Legube 2017). Recently, 155 

heterochromatin, specifically H3K9me3 marks, have been associated with mechanosensing. Nuclear 156 

softening driven by loss of H3K9me3, protects the cell from DNA damage induced by mechanical 157 

stress (Nava, Miroshnikova et al. 2020). 158 

The cell is equipped with a remarkable set of tools to repair DNA. However, it is essential that the 159 

least mutagenic repair complex gets priority access to its cognate lesion, and that these repair 160 

enzymes, capable of cutting, resecting and ligating DNA, are firmly controlled to avoid mutations and 161 

chromosomal aberrations. 162 

 163 

How does the cell respond to DNA damage?  DNA damage detection, checkpoint arrest, and 164 

choice of cell fate 165 

A key element in DNA repair is damage detection. Major detectors of single and double strand DNA 166 

breaks are PARP1 (poly(ADP-ribose) polymerase 1) and PARP2 (poly(ADP-ribose) polymerase 2) 167 

enzymes, which signal broken DNA by decorating adjacent histones with poly(ADP-ribose) chains, 168 

that at the same time relax chromatin and increase access of DNA repair proteins to the damage 169 

(Langelier, Eisemann et al. 2018, Palazzo and Ahel 2018). Often, PARP enzymes are aided by PARP 170 

complex accessory proteins, such as HPF1 (histone PARylation factor 1), which limits PARylation to 171 

serine residues, a typical post-translational modification of DNA repair proteins, rather than other 172 

residues such as glutamate and aspartate (Bonfiglio, Fontana et al. 2017, Palazzo, Leidecker et al. 173 

2018, Bilokapic, Suskiewicz et al. 2020, Suskiewicz, Zobel et al. 2020). PARylation is an early, brief 174 

event in DNA repair, which is terminated by removal of PAR chains by PARG and ARH3-mediated 175 

hydrolysis, once DDR factors are recruited to the lesion (Langelier, Eisemann et al. 2018, Palazzo 176 

and Ahel 2018). The importance of PARP enzymes in DNA repair is exploited in cancer therapy and 177 

PARP inhibitors have shown great success, specifically in HR-defective cancers (D'Andrea 2018, 178 

Slade 2020). A critical feature of PARP inhibitors is trapping PARP enzyme on broken DNA, which 179 

instead of initiating DNA repair generates further obstruction and damage and can lead to replication 180 

fork collapse. This creates an excess in the amount of substrates for recombination repair, which in 181 

HR-deficient cancer cells such as BRCA1 mutated tumours, is limited to repair by lower-fidelity NHEJ, 182 

leading to chromosomal aberration such as radial chromosomes and selective death of tumour cells 183 

(D'Andrea 2018, Slade 2020). 184 

Another essential control of DNA damage response is brought about by phosphoinositide 3-kinase 185 

(PI3K)-related kinases: ATM, ATR and DNA-PKcs. These kinases are recruited to DNA breaks by 186 

their corresponding interacting proteins, for instance NSB1 from the Mre11/Rad50/NSB1 (MRN) 187 

complex recruits ATM double strand breaks. DSBs are also recognised by the Ku80 protein thereby 188 

aiding DNA-PKcs access to DNA damage. ATRIP, bound to RPA, is activating ATR kinase once 189 

replication forks are stalled (Blackford and Jackson 2017). These kinases provide a critical signalling 190 
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cascade that orchestrates and activates a variety of DNA repair proteins that are specialised for given 191 

lesions (Blackford and Jackson 2017).  192 

The DNA repair process is helped by the cell cycle checkpoint arrest. The DNA damage response 193 

must be rapid and occurs before transition to the next phase of the cell cycle. Induction of checkpoint 194 

arrest relies on phosphorylation events such as ATR/ATM kinases acting to phosphorylate Chk1/2. 195 

Whereas maintenance of the checkpoint, whilst repair is occurring, relies on slower mechanisms 196 

involving transcription and expression of p53 and p21 (Medema and Macůrek 2011).  197 

Repair networks are brought back to homeostasis by the action of phosphatases, such as Wip1 and 198 

PP2A, to inactivate the DDR (DNA damage response). Depending on the level of DNA damage, 199 

several cycles or oscillations of effector proteins such as p53 (Medema and Macůrek 2011) occur until 200 

the cell manages to repair the damage or a threshold is reached at which the cell commits to 201 

apoptosis, senescence or alternative cell death mechanisms due to prolonged activation of the DDR. 202 

The choice of cell fate, such as senescence, apoptosis, and quiescence, is governed by a 203 

combination of several factors, including the degree and type of damage, the activity of the p53-p21 204 

axis, growth and survival signalling through PTEN-PI3K-AKT-mTOR and MAPK, the cell type, and the 205 

environment. The type and level of DNA damage, the efficiency of repair and the cellular response to 206 

this damage dictates whether an organism becomes more prone to cancer or exhibits accelerated 207 

ageing phenotypes. 208 

 209 

Somatic mutations are common characteristics of bot h cancer and ageing 210 

Here we will present data showing how mutation accumulation is a common characteristic of both 211 

cancer and ageing  (Hanahan and Weinberg 2011, Lopez-Otin, Blasco et al. 2013), and some recent 212 

findings showing that non-tumorigenic normal tissue has surprisingly high mutation burden 213 

(Martincorena and Campbell 2015). Cancer is a disease initiated and fuelled by genetic mutations, 214 

with multiple ‘hits’ required to malignantly transform a cell (Armitage and Doll 1954, Martincorena and 215 

Campbell 2015) and failure of DNA repair mechanisms may result in mutations (Friedberg, Walker et 216 

al. 2005). In lung and skin cancers, mutation rates are dramatically increased by exposure to tobacco 217 

smoke and UV light, respectively (Friedberg, Walker et al. 2005, Stephens, McBride et al. 2009, 218 

Alexandrov, Nik-Zainal et al. 2013). Mutation rates in normal, somatic cells (B and T cells, fibroblasts, 219 

retinal and intestinal epithelium) is reported to be in the order of 2 – 10 mutations per cell division 220 

(Lynch 2010). However, the incidence of cancer cannot be explained by this rate alone as the number 221 

of driver mutations generated would be insufficient to cause cancer. Instead, clonal expansion and 222 

hyper-mutation have been proposed to increase both the number of cells at risk and account for the 223 

discrepancy between mutation frequencies and cancer rates (Tomlinson, Novelli et al. 1996, Loeb, 224 

Loeb et al. 2003). The predicted tissue-specific risk factor for cancer was proposed to be largely 225 

determined by stem cell endogenous replication error rates as opposed to exposure to exogenous 226 

factors (Tomasetti and Vogelstein 2015, Tomasetti, Li et al. 2017), although there are other factors at 227 

play (Wu, Powers et al. 2016, Nowak and Waclaw 2017). The exact number of driver mutations 228 
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required to cause cancer is still unknown, and this may depend on the type of cancer and type of 229 

mutations acquired. Recent studies have shown that tobacco smoking, despite inducing a high 230 

mutational burden in the lung epithelial cells, leaves a population of quiescent cells which escape the 231 

high levels of DNA damage. These ‘protected’ cells go on to repopulate the lungs in those who stop 232 

smoking (Yoshida, Gowers et al. 2020). This highlights the cellular heterogeneity of mutation and how 233 

the selective process of regeneration can impact the mutational landscape of whole tissues over time. 234 

Beyond cancer, accumulation of somatic mutations is thought to play a key role in ageing. Since 235 

mutations accumulate during ageing, this likely explains why ageing is the major risk factor for cancer 236 

(Finkel, Serrano et al. 2007, López-Otín, Blasco et al. 2013). The accumulation of somatic mutations 237 

in normal tissues is not well understood, they occur spontaneously throughout life and in a tissue-238 

dependent manner. In the skin of the eyelid of normal, healthy persons, thousands of point mutations 239 

have been acquired by middle age and approximately 30% of cells have at least one driver mutation 240 

(Martincorena, Roshan et al. 2015, Ledford 2019). Daily exposure to sun light will have increased the 241 

number of mutations in the skin, however in the oesophagus, hundreds of clones are still present per 242 

square centimetre of tissue and these somatic mutations accumulate with age of the donor 243 

(Martincorena, Fowler et al. 2018).  Recent single cell genome analysis of liver cells revealed the 244 

differentiated cells (hepatocytes) harbour higher levels of mutations accumulated with age compared 245 

to the adult stem cells (Brazhnik, Sun et al. 2020), indicating certain cell populations, namely stem 246 

cells, are protected to an extent. This accumulation of mutations and clonal expansions in aged 247 

persons may contribute to the significant increase in cancer risk with age, from 2% risk at the age of 248 

40, to a 50% risk by the age of 80 (Martincorena and Campbell 2015). The accumulation of mutations 249 

and clonal expansion may lead to tissue dysfunction while changes in the tissue environment, such as 250 

inflammation, may drive further clonal selection and expansion (Greaves and Maley 2012, Parikh, 251 

Shuck et al. 2018, Laconi, Marongiu et al. 2020). While other unknown mechanisms which constrain 252 

clonal expansion may contribute to protection against cancer with age (Martincorena 2019).  253 

Overall, this common hallmark of cancer and ageing suggests that more crosstalk between these 254 

fields is urgently needed for better and faster understanding of the underlying causes of mutation 255 

accumulation.   256 

 257 

Insights about cancer and ageing from DNA repair an d growth signaling pathway mutants  258 

Interesting insights about ageing and cancer could be gained by examining phenotypes of different 259 

DNA repair mutants, some of which are pro-ageing while others pro-cancer. In addition, in recent 260 

years there is evidence that down-regulation of growth pathway signalling can impact cancer and as 261 

well as ageing. 262 

Several human disorders characterised by accelerated ageing are caused by deficiencies in DNA 263 

repair pathways. They often exhibit a high cancer incidence (Garinis, van der Horst et al. 2008, 264 

Schumacher, Garinis et al. 2008). Examples include Werner and Bloom syndromes, both caused by 265 

mutations in the RecQ type helicases (Chu and Hickson 2009). When modelled in yeast and mice, 266 
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pro-ageing and pro-cancer phenotypes are observed as well as an increase in mutation frequency 267 

(Luo, Santoro et al. 2000, Goss, Risinger et al. 2002, Chang, Multani et al. 2004, Madia, Gattazzo et 268 

al. 2008, Chu and Hickson 2009). Pro-ageing and pro-cancer phenotypes are also seen in mice 269 

deficient in other key DNA damage repair proteins such as ATM (Shiloh and Kastan 2001) and p53 270 

(Donehower 1996) suggesting that a functional DNA damage repair system is required for both 271 

cancer protection and longevity. Several studies in animal and cell models, in which the amount of 272 

DNA damage and mutations has been altered by mutating DNA damage repair genes to become 273 

under- or over-active, result in accelerated or decelerated ageing, respectively (Finkel, Serrano et al. 274 

2007, López-Otín, Blasco et al. 2013). Overexpression of DNA repair genes in Drosophila including 275 

loki (Chk2), mei-41 (ATR) and WRN amongst others extend lifespan (Symphorien and Woodruff 276 

2003, Shaposhnikov, Moskalev et al. 2011, Shaposhnikov, Proshkina et al. 2015, Garschall, Dellago 277 

et al. 2017). It should be noted however that overexpression of DNA repair enzymes led to either 278 

longer or shorter lifespan, depending on target tissue, level of expression and sex of the animals 279 

tested, therefore more investigation is needed to understand how DNA repair can be enhanced 280 

(Shaposhnikov, Proshkina et al. 2015). Given that the DNA repair process requires that numerous 281 

signalling proteins and repair enzymes act in concert, it is challenging to enhance DNA repair by 282 

overexpressing a single enzyme. More promising, albeit more pleiotropic, would be to alter some of 283 

the upstream regulatory pathways. For instance, enhanced capacity for DNA repair is reported in the 284 

long-lived Ames and Snell dwarf mice, in which IIS is reduced (Salmon, Murakami et al. 2005, Page, 285 

Salmon et al. 2009). Ames dwarf mice also exhibit delayed accumulation of spontaneous mutations 286 

as do mice which are subject to caloric restriction, a regime which reduces IIS/mTOR signalling and 287 

extends lifespan (Garcia, Busuttil et al. 2008). Furthermore, in Snell dwarf and growth hormone 288 

receptor knock-out (GHR-KO) mice the downregulation of TORC1 activity was linked to upregulation 289 

of several proteins involved in DNA repair (Dominick, Bowman et al. 2017). These data suggest that 290 

the down-regulation of IIS/mTOR signalling may promote longevity through upregulation of DNA 291 

repair pathways resulting in reduced age-associated mutation accumulation. Reduced cancer 292 

incidence is observed in the long-lived GHR-KO, Ames dwarf and Snell dwarf mice (Alderman, 293 

Flurkey et al. 2009, Ikeno, Hubbard et al. 2009) as well as in mice treated with rapamycin (Anisimov, 294 

Zabezhinski et al. 2010, Anisimov, Zabezhinski et al. 2011). However, other long-lived models, such 295 

as S6K1-/- mice do not show any difference in tumour incidence compared with controls (Selman, 296 

Tullet et al. 2009) but they do show reduced incidence of other age-related pathologies. In yeast 297 

deletion of the S6K homologue (Sch9) reduces genomic instability with age (Wei, Fabrizio et al. 2009) 298 

and further deletion of homologues for TOR and Ras combined with the Sch9 deletion produces a 299 

four-fold extension in lifespan with reduced age-related mutational frequency and genomic instability 300 

(Guevara-Aguirre, Balasubramanian et al. 2011). These studies suggest there is a strong link 301 

between the lifespan extending mechanisms of reduced IIS/mTOR signalling and genomic stability in 302 

old age which may explain the reduced cancer incidence often observed in long-lived animal models.  303 

Long-lived mutants are often also healthier, nevertheless it is important for future potential 304 

translational approaches that health improvements and healthspan, or the period of good health of 305 

individual mutants is also carefully characterised as well as longevity (Hansen and Kennedy 2016). 306 
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Interestingly, mouse models of accelerated-ageing syndromes which exhibit high levels of DNA 307 

damage (NER deficiency) also show attenuated IGF-1 signalling (Niedernhofer, Garinis et al. 2006). 308 

Initially this was puzzling because if IGF-1 signalling was reduced, why was lifespan not extended in 309 

these mice? It is now thought that cells respond to DNA damage by decreasing IGF-1 signalling to re-310 

direct resources from growth to maintenance, therefore reducing IGF-1 signalling may act to enhance 311 

DNA damage repair in normal, healthy cells. For progeria-like syndromes however or DNA repair 312 

mutants the re-direction of resources is not enough, the high levels of DNA damage due to the 313 

deficiency in DNA repair ultimately leads to cell death, stem-cell functional decline and accelerated 314 

ageing (Niedernhofer, Garinis et al. 2006, Schumacher, Garinis et al. 2008, Schumacher, 315 

Hoeijmakers et al. 2009). However, when placing these NER deficient mice on caloric restriction, 316 

further downregulating IGF-1 signalling, this significantly extended their lifespan, health-span and 317 

increased genomic stability (Vermeij, Dollé et al. 2016).  318 

Comparative studies of several mammalian species have revealed positive correlations between DNA 319 

repair efficiency and lifespan (Hart and Setlow 1974, Grube and Bürkle 1992, Lorenzini, Johnson et 320 

al. 2009, Ma, Upneja et al. 2016). The long-lived naked mole rat upregulates several genes involved 321 

in DNA damage repair resulting in more efficient base-excision repair (BER), mismatch repair (MMR), 322 

double strand break (DSB) repair and upregulation of the tumour suppressor gene, TP53, promoting 323 

cancer resistance (Seluanov, Hine et al. 2009, Liang, Mele et al. 2010, MacRae, Croken et al. 2015, 324 

Delaney, Ward et al. 2016, Tian, Seluanov et al. 2017, Tian, Firsanov et al. 2019). Other mechanisms 325 

proposed for the naked mole rats cancer resistance include secretion of high molecular-mass 326 

hyaluronan which renders cells hypersensitive to contact inhibition, and these cells stop proliferating 327 

upon only a few cell-cell contacts (Tian, Azpurua et al. 2013).  328 

p53 is a key player in the DNA damage response. In mice constant over-activation of p53 (p53+/mut) 329 

results in protection from cancer, likely due to heightened cell death but at the expense of a shorter 330 

lifespan (Tyner, Venkatachalam et al. 2002), suggesting there is a trade-off between longevity and 331 

cancer protection, and that cancer protection can only be achieved at the expense of shorter lifespan. 332 

However, cancer protection and a normal lifespan is seen in super-p53 mice, which has an extra copy 333 

of p53 driven by the native promoter providing enhanced DNA repair capacity but only when required 334 

(García-Cao, García-Cao et al. 2002). Interestingly, it is only when super-p53 mice have an additional 335 

copy of the tumour suppressor p19Arf that lifespan extension is achieved alongside cancer protection 336 

demonstrating that an anti-ageing and anti-cancer phenotype can be achieved, despite multiple 337 

examples of this trade-off (Matheu, Maraver et al. 2007). The trade-off between pro-ageing but cancer 338 

protective mechanisms and anti-ageing yet pro-cancer phenotypes is often observed (Campisi 2003, 339 

Finkel, Serrano et al. 2007) and may be explained by differing responses to DNA damage. A 340 

response which leads to excessive apoptosis or senescence provides protection against mutation and 341 

therefore cancer, but at the cost of a pro-ageing phenotype due to stem cell pool depletion or 342 

accumulation of senescent cells. It should be noted that evidence for stem cell pool depletion is 343 

primarily observed in DNA repair mutant animals or in normal cells and animals that have been 344 

exposed to stressors or exogenous agents. The evidence regarding stem cells being depleted under 345 
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the normal ageing process is scarce (Inomata, Aoto et al. 2009, Matsumura, Mohri et al. 2016, Liu, 346 

Matsumura et al. 2019), and it is more likely that during normal ageing stem cell functional decline 347 

occurs (Flach, Bakker et al. 2014). 348 

On the other hand, a lack of cell death following DNA damage may promote longevity, but favours the 349 

accumulation of mutations and build-up of pre-malignant cells, resulting in elevated cancer risk. This 350 

trade-off phenomenon is exemplified by comparing Cockayne Syndrome and Xeroderma 351 

Pigmentosum (XP) both of which are a result of deficiencies in NER. Cockayne Syndrome is due to 352 

mutations in the CSA (Ercc8) or CSB (Ercc6) genes involved in the first steps of transcription-coupled 353 

repair (TC-NER). When cells with TC-NER deficiency sustain DNA damage they die due to 354 

transcriptional stress. This results in an accelerated ageing phenotype because the stem cell pool is 355 

depleted, but no cancer arises as the damaged cells are eliminated before they accrue mutations. In 356 

Xeroderma pigmentosum, cells are deficient in global-genome nucleotide excision repair (GG-NER) 357 

due to mutation of the XPC gene. TC-NER is still functional in these patients and promotes cell 358 

survival which delays premature ageing. However, due to the lack of GG-NER, lesions occurring in 359 

the non-transcribed genomic regions or in the template strand of active regions frequently result in 360 

mutations during replication. Therefore cancer incidence is high in XP patients (Marteijn, Lans et al. 361 

2014).  362 

In summary, defects in DNA damage repair can result in an accumulation of mutations or increased 363 

cell death, promoting cancer or ageing, respectively. These phenotypes lie at two ends of the 364 

spectrum with several possible intermediary phenotypes. In the context of translational medicine, the 365 

most interesting and relevant mutants are those displaying both cancer resistance and delayed 366 

ageing, for example the previously mentioned super-p53/Arf mice (Matheu, Maraver et al. 2007). 367 

Another example is the long-lived C. elegans daf-2 (insulin receptor) mutant which shows resistance 368 

to lethal germ-line tumours caused by gld-1 mutation (Pinkston, Garigan et al. 2006). The mechanism 369 

behind such resistance is thought to be due to increased apoptosis, in which the daf-2 mutant 370 

background imposes a metabolic strain on the organism which results in selective apoptosis of the 371 

heavily, metabolically-demanding tumour cells but the surrounding normal tissue is not affected. 372 

Growing evidence indicates cellular senescence occurring with age is a result of DNA damage 373 

accumulation (Kirkwood 2005, White and Vijg 2016, Niedernhofer, Gurkar et al. 2018). Accumulation 374 

of senescent cells often results in an adverse senescence associated secretory phenotype (SASP) 375 

and can create a pro-tumorigenic environment (Coppé, Desprez et al. 2010).  The clearance of 376 

senescent cells extends lifespan and delays the onset of cancer (Baker, Wijshake et al. 2011, Muñoz-377 

Espín and Serrano 2014, van Deursen 2014, Baker, Childs et al. 2016, Chang, Wang et al. 2016, 378 

Roos, Zhang et al. 2016, McHugh and Gil 2018). 379 

During normal ageing the function and efficiency of several DNA repair pathways are thought to 380 

decline with age (Gorbunova, Seluanov et al. 2007) including the p53 response (Feng, Hu et al. 381 

2007). A lack of efficient DNA damage repair combined with reduced apoptosis, due to an inefficient 382 

p53 response, may contribute to mutation accumulation with age. Overall, these studies demonstrate 383 

Jo
urn

al 
Pre-

pro
of



Page 11 of 38 
 

a functional DNA damage response is required to preserve genomic integrity which is essential for 384 

both longevity and cancer protection (Lombard, Chua et al. 2005). IIS/mTOR signalling regulates 385 

ageing and may contribute to some aspects of DNA damage repair and genomic stability. However, 386 

whilst it is expected that protection from DNA mutations will reduce cancer incidence, a careful 387 

balance is required between tumour suppression and maintenance of functional stem cell pool to 388 

ensure a long-life.  389 

Stem cells in Ageing and Cancer 390 

Stem cells play a critical part in renewing our tissues, but repeated cell divisions makes stem cells 391 

vulnerable to both transformation and cell death, depending on the type of mutations they accumulate 392 

(Al Zouabi and Bardin 2020). Mutant clonal expansion and selection of stem cells occurs within the 393 

intestine and hematopoietic system with age (Greaves, Preston et al. 2006, Busque, Patel et al. 2012, 394 

Hsieh, Van Den Berg et al. 2013, Genovese, Kähler et al. 2014, Jaiswal, Fontanillas et al. 2014). In 395 

the intestine of humans and mice, this leads to clonal dominance of single ISCs within crypts (Kim 396 

and Shibata 2002, Lopez-Garcia, Klein et al. 2010, Snippert, Van Der Flier et al. 2010, Nicholson, 397 

Olpe et al. 2018). Similarly, in human skin, there is also evidence of clonal dominance and prevalence 398 

of clones bearing mutations in NOTCH1, NOTCH2, TP53 and FAT1 (Liu, Matsumura et al. 2019). 399 

Intriguingly, NOTCH1’s fitness advantage is restricted to the normal oesophageal epithelium because 400 

this mutation is not overrepresented in oesophageal cancer (Martincorena, Fowler et al. 2018, 401 

Yokoyama, Kakiuchi et al. 2019). 402 

Most evidence for the role of ISCs in ageing comes from the fruit fly, Drosophila. ISCs are regularly 403 

interspersed throughout the Drosophila gut, unlike mammalian ISCs which are located in crypts. 404 

Damage to the fly gut stimulates ISC proliferation to replace dead or dying cells (Biteau, Hochmuth et 405 

al. 2008, Amcheslavsky, Jiang et al. 2009, Buchon, Broderick et al. 2009, Biteau, Karpac et al. 2010, 406 

Biteau, Hochmuth et al. 2011). At a young age this is a transient effect, and the stem cells return to 407 

quiescence but in aged guts ISC over-proliferation and an increased mis-differentiation is observed 408 

(Biteau, Hochmuth et al. 2008, Choi, Kim et al. 2008, Patel, Dutta et al. 2015). Preserving proliferative 409 

homeostasis in the Drosophila gut extends lifespan and reduces the incidence of hyperplasia with age 410 

(Biteau, Karpac et al. 2010, Chen, Zheng et al. 2014, Li, Qi et al. 2016) highlighting the importance of 411 

ISC quiescence in maintaining tissue integrity with age. These studies did not report directly on ISC 412 

genomic integrity, but DNA damage and somatic mutations do accumulate with age in Drosophila 413 

(Garcia, Calder et al. 2010, Park, Lee et al. 2012, Kauppila, Bratic et al. 2018). Genomic aberrations 414 

arising in the ISCs can drive gut neoplasia and dysplasia (Siudeja, Nassari et al. 2015, Resende, 415 

Monteiro et al. 2018, Al Zouabi and Bardin 2020). Therefore Drosophila, like humans, also exhibits an 416 

increased cancer risk with age (Milholland, Auton et al. 2015). In the crypts of mammalian intestines, 417 

the LGR5+ ISCs are highly proliferative (Barker, Van Es et al. 2007), therefore unlike in Drosophila, 418 

quiescence is not important to maintain tissue integrity with age. Instead Wnt signalling appears to be 419 

the dominant factor regulating survival and regenerative capacity of ISCs in response to both DNA 420 

damage and ageing (Clevers 2013, Tao, Tang et al. 2015, Nalapareddy, Nattamai et al. 2017, 421 

Pentinmikko, Iqbal et al. 2019).  422 
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Replication stress is a key source of endogenous DNA damage contributing to both ageing and 423 

cancer progression, particularly when stem cells are affected. Ageing Haematopoietic Stem Cells 424 

(HSCs) are particularly vulnerable to replication stress, which has been attributed to reduced levels of 425 

mini-chromosome maintenance (MCM) helicase components (Ruzankina, Pinzon-Guzman et al. 426 

2007, Murga, Bunting et al. 2009, Flach, Bakker et al. 2014). The old quiescent HSCs have the DNA 427 

damage marker γH2AX primarily concentrated in the nucleolus, which houses the rDNA genes 428 

required for ribosome biogenesis. rDNA genes have several features, such as multiple repeat clusters 429 

and high transcription rates, that make them particularly vulnerable to DNA damage (Lindström, 430 

Jurada et al. 2018). Dephosphorylation of γH2AX seems to be hampered in the old quiescent HSCs 431 

because of cytoplasmic mislocalisation of PP4c phosphatase, all of which may lead to a decrease in 432 

ribosomal biogenesis and therefore limits the functionality of aged HSCs and their ability to 433 

regenerate the blood-cell lineage (Bartek and Hodny 2014, Flach, Bakker et al. 2014). Mutant HSC 434 

clones accumulate with age and contribute significantly to the age-related risk of leukaemia in 435 

humans (Genovese, Kähler et al. 2014, Jaiswal, Fontanillas et al. 2014, Shlush, Zandi et al. 2014, 436 

Xie, Lu et al. 2014).  437 

HSCs enter quiescence when not actively required, however in this state they attenuate their DNA 438 

repair responses resulting in an accumulation DNA damage with age. It is only upon re-entry into the 439 

cell cycle that DNA repair occurs in these aged HSCs (Beerman, Seita et al. 2014). Whilst cycling, 440 

cells are more likely to experience mutations arising from replication errors (Walter, Lier et al. 2015), 441 

yet may benefit from HR of DSBs during the S and G2 phases. Quiescent cells, on the other hand, 442 

may rely on NHEJ, but evidence shows a preference for classical NHEJ and active suppression of the 443 

more erroneous alt-NHEJ (Mohrin, Bourke et al. 2010) indicating an attempt to keep mutation rates 444 

low.  445 

Replication stress can shorten lifespan in mice. Loss of MCM2 promotes premature ageing (Pruitt, 446 

Bailey et al. 2007) consistent with observations in murine HSCs (Bartek and Hodny 2014, Flach, 447 

Bakker et al. 2014). ATR deficient mice exhibit dramatically reduced regenerative capacity and 448 

accelerated ageing (Ruzankina, Pinzon-Guzman et al. 2007, Murga, Bunting et al. 2009) which is 449 

reflected in the human disease, Seckel syndrome (O'Driscoll, Ruiz-Perez et al. 2003). Replication 450 

stress is also observed in another accelerated ageing syndrome, Ruijs-Aalfs syndrome (Lessel, Vaz 451 

et al. 2014). Here, loss of Spartan results in destabilized replication forks that is further aggravated by 452 

a lack of translesion synthesis (Maskey, Kim et al. 2014, Lopez-Mosqueda, Maddi et al. 2016, Vaz, 453 

Popovic et al. 2016). 454 

The attrition of functional HSCs with age may underlie common age-related dysfunctions such as a 455 

poor immune system/response and poor wound healing/regenerative capacity. However, in C. 456 

elegans the loss of MCM2 actually extends lifespan (Curran and Ruvkun 2007) and in long-lived daf-2 457 

mutants’, MCM2 expression is decreased compared to wild-types (Halaschek-Wiener, Khattra et al. 458 

2005). The differences between these studies on the relationship between MCM2 levels and ageing 459 

may be explained by the fact that C. elegans is largely a post mitotic organism, meaning they do not 460 

suffer from high levels of replication stress except in the germline. Alternatively, deficiency in one 461 
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repair pathway may perhaps cause compensatory upregulation of a different repair pathway, leading 462 

to genome protection. 463 

In summary, stem cells can accumulate DNA damage and mutations, leading to clonal selection and 464 

expansion, with age in a tissue dependent manner. Although stem cells may possess a level of 465 

inherent protection against mutations (Brazhnik, Sun et al. 2020, Yoshida, Gowers et al. 2020), on a 466 

population level, this may be contributed to by a low threshold for apoptosis due to increased 467 

expression of pro-apoptotic proteins as well as mitochondrial priming (Liu, Lerou et al. 2014).  468 

 469 

Chromatin status in ageing and cancer 470 

The role of epigenetic modification in facilitating access to DNA damage and in having a more direct 471 

role in DNA repair, has been increasingly recognised (Jeggo, Downs et al. 2017, Ferrand, Plessier et 472 

al. 2020, Sulkowski, Oeck et al. 2020). Here we will describe the intricate relationship between 473 

epigenome and DNA repair which ultimately affects ageing and cancer.  474 

Several changes to histone expression and methylation are observed upon ageing which may affect 475 

chromatin structure (Booth and Brunet 2016). Ageing organisms and senescent cells exhibit reduced 476 

levels of repressive heterochromatic marks including H3K9me3, H3K27me3, and H4K20me3 477 

(O'Sullivan, Kubicek et al. 2010, Sidler, Wóycicki et al. 2013, McCauley and Dang 2014, Sidler, 478 

Kovalchuk et al. 2017) and an overall global loss and redistribution heterochromatin is a characteristic 479 

feature of ageing (Oberdoerffer and Sinclair 2007, Tsurumi and Li 2012).  480 

Levels of heterochromatin protein 1 (HP1α) are diminished in aged human cells and prematurely aged 481 

cells (Pegoraro, Kubben et al. 2009, Pollina and Brunet 2011). The level of H3K9me3 are reduced in 482 

both aged fibroblasts and fibroblasts isolated from patients with HGPS (Hutchinson-Gilford progeria 483 

syndrome), a premature ageing syndrome (Scaffidi and Misteli 2006). Cellular models of the 484 

accelerated ageing syndrome, Werner’s, also report a global loss of H3K9me3 and an interaction with 485 

HP1α (Zhang, Li et al. 2015). In C. elegans, lifespan is extended by inhibition of H3K27 demethylases 486 

but this lifespan extension could be mediated by the associated changes in IIS observed in these 487 

worms (Jin, Li et al. 2011). In Drosophila, a lack of functional HP1 reduces lifespan and 488 

overexpression of HP1 improves longevity (Larson, Yan et al. 2012) suggesting that increases 489 

heterochromatin do promote longevity in Drosophila. These studies suggest disorganisation and loss 490 

of heterochromatin promote ageing and maintenance of heterochromatin with age increases 491 

longevity. 492 

Links between epigenetic modifications and lifespan were first highlighted in studies of yeast in which 493 

Sir2, an NAD+-dependent histone deacetylase, was overexpressed (Kaeberlein, McVey et al. 1999, 494 

Dang, Steffen et al. 2009). Additional evidence for the role of sirtuins in ageing comes from work on 495 

SIRT6. SIRT6 deficiency in mice results in premature ageing (Mostoslavsky, Chua et al. 2006). 496 

Overexpression of SIRT6 reduces genomic instability (Toiber, Erdel et al. 2013), increases DSB 497 

repair efficiency by both the HR and NHEJ pathways and extends lifespan (Kanfi, Naiman et al. 2012, 498 
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Tian, Firsanov et al. 2019). Of the two activities associated with SIRT6, mono-ADP-ribosyl transferase 499 

and histone acetylase, the former is proposed to increase DSB repair efficiency via PARP1 activation 500 

(Mao, Hine et al. 2011). The authors highlight how longevity across several species correlates with 501 

DSB repair efficiency and not with efficiency of other repair pathways such as NER. Instead NER 502 

efficiency shows correlation or coevolution with the level of sun exposure per species (Tian, Firsanov 503 

et al. 2019). The deacetylase activity could still affect DNA damage via the level of chromatin 504 

compaction. A lack of deacetylase activity would relax the chromatin and potentially increase 505 

exposure to DNA damaging agents (Ermolaeva, Neri et al. 2018). Since the histone deacetylase 506 

activity of sirtuns depends on NAD+ levels, as does the activity of multiple DNA damage repair 507 

enzymes, including PARPs, it has been suggested that maintaining NAD+ levels, which are known to 508 

decline with age, may protect the DNA and have anti-ageing effects (Imai and Guarente 2014, Verdin 509 

2015, Li, Bonkowski et al. 2017). 510 

Another epigenetic modification, DNA methylation, is also closely linked to ageing (Petkovich, 511 

Podolskiy et al. 2017). This has been exemplified through the recent advent of epigenetic ageing 512 

clocks used to predict biological age from the DNA methylome (Field, Robertson et al. 2018, Horvath 513 

and Raj 2018, Bell, Lowe et al. 2019). Well-known anti-aging interventions, such as dietary restriction, 514 

also have measurable effects on the epigenome (Hahn, Grönke et al. 2017). Chromatin remodellers 515 

play key roles in DNA repair, genome stability and in preventing tumorigenesis (Jeggo and Downs 516 

2014, Brownlee, Meisenberg et al. 2015, Jeggo, Downs et al. 2017). Chromatin genes that are often 517 

mutated in cancer, for example H3.3 which is linked to paediatric glioblastoma (Schwartzentruber, 518 

Korshunov et al. 2012, Bjerke, Mackay et al. 2013), also have roles in lifespan regulation (Piazzesi, 519 

Papić et al. 2016, Bano, Piazzesi et al. 2017).  520 

 521 

 522 

Overall, links between epigenetic modifications and ageing are complex due to the gene regulation 523 

that accompanies changes in chromatin packaging. However, it is clear that the regulation of the 524 

chromatin affects both DNA repair efficiency and subsequent mutation rate both of which contribute to 525 

ageing and cancer. Most studies indicate that maintenance of heterochromatin throughout ageing and 526 

efficient DSB repair promote longevity, yet how heterochromatin affects cancer risk/rate is not yet 527 

clear. 528 

 529 

Summary and future prospects 530 

Maintaining genome integrity is key for longevity and reduced cancer risk and we argue here that 531 

interventions that lower mutations are expected to improve ageing and delay cancer. It should be 532 

noted that in a controlled and limited way mutations can be beneficial. For instance, normal 533 

functioning of the adaptive immune system and somatic hypermutation process depend on mutations 534 

introduced by AID (activation-induced cytidine deaminase), which enables production of antibodies 535 

with greater antigen affinity (Hwang, Alt et al. 2015). In single cell organisms, such as bacteria, 536 
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mutations enable survival in presence of antibiotics (Mao, Lane et al. 1997), and mutation frequency 537 

is sometimes adjusted depending on stressful conditions in the environment  (Bjedov, Tenaillon et al. 538 

2003).  Despite mutations being essential for evolution, they are mostly detrimental, and repair of 539 

DNA damage must therefore occur effectively to prevent both mutations and excessive cell death, 540 

which would otherwise lead to increased cancer risk or accelerated ageing, respectively. The high 541 

mutational burden of normal, somatic cells was surprising (Martincorena, Roshan et al. 2015, 542 

Martincorena, Fowler et al. 2018, Ledford 2019), as is the discovery that particular populations of 543 

stem cells may be protected from DNA damage and mutation (Brazhnik, Sun et al. 2020, Yoshida, 544 

Gowers et al. 2020). Both studies highlight how clonal selection and expansion are key factors in 545 

understanding cancer risk and ageing and are of interest for potential therapeutic interventions. Stem 546 

cells are key in the balance between cancer and ageing, it will be interesting to see whether 547 

alterations to chromatin status or reductions in replication and transcription stresses are present in 548 

‘protected’ stem cells (Teixeira, Pipinikas et al. 2019) and how this can be used for improvement of 549 

health and disease prevention. For understanding of high mutational burden in normal cells it will be 550 

important to clarify which endogenous and exogenous molecules are causing mutations (Tubbs and 551 

Nussenzweig 2017) and some indication can be provided by mutational signatures (Kucab, Zou et al. 552 

2019, Martincorena 2019, Martincorena and Campbell 2015, Riddiford, Siudeja et al. 2020). Many 553 

commonly used laboratory chemicals that damage DNA, and which helped uncover details about 554 

DNA repair, are not necessarily chemicals that our cells most commonly encounter and more work on 555 

mutation causing agents in humans are needed (Garaycoechea, Crossan et al. 2018). Another future 556 

challenge would be to develop treatments that could boost error-free DNA repair. However, this is 557 

challenging because most DNA repair enzymes work in complexes and overexpression of one of 558 

them will not result in balanced and improvement DNA repair. Expanding our knowledge around the 559 

enhancement of select aspects of DNA repair capacity and the mechanisms which can confer 560 

protection against DNA damage infliction will be critical to simultaneously promote longevity and 561 

reduce cancer risk.    562 
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Figure 1.  DNA damage and repair on DNA, cellular, and organismal level. DNA repair may 595 
differ if the damage is situated in the heterochromatin or euchromatin (Marnef and Legube 596 
2017, Caridi, D'Agostino et al. 2018). Heterochromatic regions have increased H3K9me3 597 
mark, which is bound by HP1α (heterochromatin protein 1 alpha) (Penagos-Puig and Furlan-598 
Magaril 2020). Acetylation of histones in euchromatin increases chromatin availability  599 
(Bannister and Kouzarides 2011). Represented are different types of DNA repair, such as 600 
BER (base excision repair), GG-NER (global genomic nucleotide excision repair), ICLR 601 
(inter-strand crosslink repair), TC-NER (transcription coupled nucleotide excision repair), 602 
SSBR (single strand break repair), DSBR (double strand break repair), which can be 603 
repaired by HR (homologous recombination) or by either NHEJ (non-homologous end 604 
joining) or more mutagenic alt-NHEJ (alternative NHEJ) (Ciccia and Elledge 2010). NHEJ is 605 
active throughout the cell cycle while HR is restricted to the late S and G2 phase. Replication 606 
errors are repaired by MMR (mismatch repair system) or are tolerated and bypassed by TLS 607 
(translesion synthesis repair).  Transcription and replication make genome more vulnerable 608 
to damage and are associated with specialised types of repair. Upon DNA damage, damage 609 
sensors, such as PARP, mediate recruitment of transducer kinases ATM or ATR, whose 610 
activation leads to activation of DNA damage response to downstream proteins MDC1, 611 
BRCA1, 53BP1 and others. In presence of damage, ATM and ATR also activate Chk2 and 612 
Chk1, respectively (Ciccia and Elledge 2010). CDC25 is one of the effector proteins that 613 
arrests cell cycle to allow damage repair (Sur and Agrawal 2016). p53 modifies transcription 614 
and thereby has a role in cell cycle arrest, apoptosis and senescence (Kaiser and Attardi 615 
2018). Mutations accumulate during ageing and are caused by different exposure to 616 
endogenous and exogenous factors, which produce DNA damage that can be repaired in 617 
error-free or error prone manner. Highly damaged cells are targeted for cell death, excess of 618 
which protects from cancer but depletes the stem cell pool and has pro-ageing effect (Finkel, 619 
Serrano et al. 2007, López-Otín, Blasco et al. 2013). Shown is clonal expansion of a mutated 620 
stem cell clone. If cell death is not induced in damaged and aberrant cells, then this 621 
increases chances clonal selection and expansion. Senescence is cancer protective but 622 
excess of prolonged senescence can promote both ageing and cancer via SASP 623 
(senescence associated secretory phenotype) (Coppé, Desprez et al. 2010).  624 
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