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Abstract

The maintenance of the genome is of pivotal importance for the functional integrity of cells and 

tissues. The gradual accumulation of DNA damage is thought to contribute to the functional 

decline of tissues and organs with ageing. Defects in multiple genome maintenance systems cause 

human disorders characterized by cancer susceptibility, developmental failure, and premature 

ageing. The complex pathological consequences of genome instability are insufficiently explained 

by cell-autonomous DNA damage responses (DDR) alone. Quality control pathways play an 

important role in DNA repair and cellular DDR pathways. Recent years have revealed non-cell 

autonomous effects of DNA damage that impact the physiological adaptations during ageing. We 

will discuss the role of quality assurance pathways in cell-autonomous and systemic responses to 

genome instability.

DNA repair machineries maintain genome integrity

The nuclear genome, with the exception of a few mitochondrial genes, harbours the entire 

genetic information of a cell. The genomic sequence, once altered or lost, cannot be 

replaced. However, the genome is constantly attacked by a large variety of genotoxic insults. 

It has been estimated that in each cell tens of thousands of damaging events occur on a daily 

basis (De Bont and van Larebeke, 2004). DNA damage can be inflicted by exogenous 

sources such as the UV irradiation of the sun, ionizing radiation, or chemicals. Also 

endogenous by-products of the cellular metabolism such as reactive oxygen species (ROS) 

attack the genome. The types of DNA lesions can vary widely. Single strand breaks are 

probably the most frequently occurring lesions, followed by spontaneous depurination, 

alkylations, various oxidative base modifications, and deamination. Even highly cytotoxic 

lesions such as double strand breaks and interstrand crosslinks that are induced during anti-

tumour therapeutic interventions also occur endogenously (De Bont and van Larebeke, 

2004; Schärer, 2005). Genotoxins have from the early steps of evolution threatened the 

maintenance and inheritance of the genetic material and thereby of life itself. Therefore, 
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DNA repair systems are required to remove the damage and maintain genome integrity 

(Table 1). The first challenge of the DNA repair machinery is the recognition of the altered 

DNA structure. This might be rather obvious if a strand break occurs or a replication fork 

stalls at obstructive lesions. However, slight structural alterations require highly specialized 

recognition molecules that allow distinguishing the damaged DNA from normal structural 

alterations occurring e.g. during decondensation of the double helix as part of the DNA 

metabolism. The damage recognition is tightly linked with the most appropriate DNA repair 

mechanism. For instance, the frequently occurring oxidative lesions are effectively removed 

by base excision repair (BER) that uses glycosylases to excise the damaged base and short-

patch or long-patch repair to refill the gap (Sung and Demple, 2006). Single strand break 

repair rapidly joins the frequently arising breaks in one of the DNA strands (Caldecott, 

2008). UV-induced cyclobutane pyrimidine dimers (CPDs) lead to a slight helix distortion 

that requires highly sophisticated recognition systems before they are excised by nucleotide 

excision repair (NER) (Cleaver et al., 2009). Global genome (GG-) NER scans throughout 

the genome for helix-distorting lesions, while transcription-coupled (TC-) NER activates the 

repair once RNA polymerase II (RNAPII) stalls at a lesion. While transcription is a 

relatively slow process, replication forks need to move quickly through the genome to enable 

timely replication during quick cycles of cell divisions. Therefore, specialized DNA 

polymerases are able to read through damaged templates at the risk of incorporating a wrong 

nucleotide (Sale et al., 2012). Translesion synthesis (TLS) thus facilitates speedy replication 

fork progression at the cost of elevated error rates. DNA double strand breaks (DSBs) form a 

serious threat to the genomic integrity of the cell, as aneuploidy might result from aberrant 

chromosome segregation (Chapman et al., 2012). DSBs can be repaired quickly by non-

homologous end joining (NHEJ) and yet again speed comes at the expense of accuracy as 

the break sites are resected prior to end joining. More laborious but error free, homologous 

recombination (HR) uses the undamaged template that is available during late S-phase and 

G2 phase. HR is also used to resolve replicative impediments that result in strand breaks. 

During replication, however, HR can lead to chromosomal aberrations demonstrating that 

DNA repair systems might also themselves become obstructive at times (Wolters et al., 

2014).

The importance of DNA repair systems for human health has become particularly apparent 

in a wide variety of rare congenital syndromes that are caused by mutations in genome 

maintenance genes (Schumacher et al., 2008a). Importantly, DNA repair deficiency 

syndromes precipitate in three major disease components namely developmental 

impairment, cancer susceptibility, and accelerated ageing (Wolters and Schumacher, 2013). 

The most severe types already impair early development. For example, while several 

glycosylases redundantly excise oxidized bases, a complete lack of BER lead to embryonic 

lethality in mice (Ludwig et al., 1998). Mutations in NER genes can also give rise to growth 

and mental retardation. Particularly, mutations in the TC-NER specific components CSA 
and CSB usually give rise to Cockayne syndrome (CS) that leads to postnatal growth 

defects, mental retardation, and eventually many signs of premature ageing (Marteijn et al., 

2014). Other mutations in the same genes can lead to cerebro-occulo-facio-skeletal 

syndrome (COFS) with patients developing abnormalities already prenatally (Laugel et al., 

2010). Strikingly, other mutations in NER genes lead to skin cancer predisposition and 
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pigmentation abnormalities on sun-exposed areas of the skin in Xeroderma pigmentosum 

(XP) patients (Cleaver et al., 2009). Depending on the specific mutation in NER, XP patients 

also suffer from mental retardation. However, the clearest link to cancer predisposition is 

evident when specifically the damage recognition by GG-NER is impaired leading to 

elevated mutation rates that then fuel the malignant transformation of the damaged cells. In 

contrast, the TC-NER deficient CS cells are confronted with persistent stalling of the RNA 

polymerase II (RNAPII) eventually leading to cell death thus fuelling cell loss and tissue 

degeneration. TC-NER and GG-NER defects have helped to clarify the distinct contributions 

of unrepaired DNA lesions to cancer development and accelerated ageing. Most patients 

suffering from premature ageing, however, also show enhanced susceptibility to develop 

cancer. For example defects in responding to DSBs in ataxia telangiectasia (AT) or 

Nijmegen breakage syndrome (NBS) patients confers premature ageing as well as highly 

elevated lymphoma risk (Shiloh, 1997).

The consequences of DNA damage largely depend on the action of the DDR. It has first 

been recognized in yeast, that cells respond to DNA damage not only by activating the 

respective repair machinery, but also by halting cell cycle activity until the damage is 

repaired (Hartwell and Weinert, 1989; Rowley et al., 1992). The DNA damage checkpoints 

are conserved from yeast to mammals and are important for preventing damaged cells to 

transforming into cancer cells (Bartek and Lukas, 2007). The most frequent mutations found 

in human cancers alter the function of the tumour suppressor p53 (Reinhardt and 

Schumacher, 2012). The p53 gene has evolved during metazoan evolution and orchestrates 

the checkpoint response. In the simple nematode C. elegans p53 controls the apoptotic 

demise of germ cells that carry unrepaired DSBs in late stages of meiotic pachytene (Derry 

et al., 2001; Schumacher et al., 2001). The meiotic DNA damage checkpoint exemplifies the 

significance of apoptosis as additional outcome of the DDR as it allows the removal of 

genomically compromised germ cells before maternal resources are deposited into growing 

oocytes during diakinesis (Schumacher and Gartner, 2006; Schumacher et al., 2005). In 

mammals, the apoptotic outcome of p53 activity not only removes damaged germ cells but 

also compromised somatic cells. In addition, the mammalian DDR also withdraws cells 

permanently from the cell cycle into cellular senescence. The inactivation of DNA damage 

checkpoints, for example by p53 mutations, allows cells to continuously divide despite the 

presence of unrepaired DNA damage. Indeed, karyograms of cancer cells show fusion, 

losses, and fragmentations of chromosomes. Evidently, in the absence of a checkpoint 

response, cells not only survive but also actively proliferate. In contrast, constitutive activity 

of p53 can lead to cell loss and tissue degeneration thus accelerating the ageing process 

(Maier et al., 2004; Tyner et al., 2002). The consequences of p53 activity exemplifies the 

two extremes of checkpoint signalling: too little checkpoint activity gives rise to cancerous 

growth, while checkpoint-mediated apoptosis and cellular senescence can lead to cell loss 

and impair regeneration of tissues thus promoting the ageing process. DNA damage 

checkpoint signalling needs, therefore, to balance cancer prevention with tissue maintenance 

and regeneration. Increased gene dosage of p53 in combination with increased dosage of 

another checkpoint component, the senescence-driving factor ARF, could indeed raise the 

cancer protection and still permit enhanced tissue maintenance and regeneration with the 
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final outcome of extended longevity of double transgenic mice beyond normal longevity of 

wild type counterparts (Matheu et al., 2007).

Protein quality control mechanisms in DNA repair and genome 

maintenance

Not only the recognition of DNA lesions and the choice of the most appropriate DNA repair 

pathway pose a great challenge. Also the actual repair process requires fine-tuning of the 

action of numerous distinct proteins that are involved in the repair process. The site of the 

damage needs to be made accessible through remodelling of the chromatin and the chemical 

reactions to remove the lesions and replace the genetic information need to proceed. A large 

variety of post-translational modifications are employed throughout the repair process 

including phosphorylation, acetylation and neddylation of histones as well as dynamic 

phosphorylation of DNA damage checkpoint and repair factors. Here we will focus on 

ubiquitinylation and SUMOylation of repair-related proteins as well as on degradation of 

specific factors through the ubiquitin proteasome system (UPS) (Figure 1). For example, 

efficient repair of DSBs depends on dynamic K63-linked di- and poly-ubiquitinylation of 

histone variants H2A and H2AX at the site of damage. The ubiquitinylation is thought to 

provide critical signals for the assembly and function of the repair complex (Doil et al., 

2009; Huen et al., 2007; Mailand et al., 2007). SUMOylation plays an important role in base 

excision repair where it putatively promotes dissociation of DNA glycosylases (the enzymes 

initiating repair cascade by removing altered nitrogenous base from the sugar-phosphate 

backbone of DNA) before the abasic site can be accessed by the subsequent short-patch or 

long-patch repair systems (Hardeland et al., 2002).

Ubiquitinylation and the UPS also play an important role in various steps during the NER 

reaction. The GG-NER damage recognition factor XPC has a high affinity for UV-induced 

6-4PPs, while the most abundant UV-induced lesions, the CPDs are only poorly recognized 

by XPC (Kusumoto et al., 2001). Therefore, XPC is assisted by a multi-protein complex 

containing the more effective lesion receptor DDB2 and CUL4 -an E3 ubiquitin ligase 

belonging to a cullin family (Angers et al., 2006; Groisman et al., 2003). Upon binding to 

the lesion, the complex mediates polyubiquitinylation of XPC resulting in increased affinity 

to the DNA. The complex then ubiquitinylates itself thus triggering the dissociation from the 

damaged DNA and degradation of DDB2 via the proteasome (Sugasawa et al., 2005). 

Subsequently, the downstream repair factors can assemble and proceed to excise the 

damaged strand. While DDB2 is degraded, polyubiquitinylated XPC is protected from 

degradation through binding to RAD23 that contains a ubiquitin-like domain that exerts an 

inhibitory effect on the proteasome (Ng et al., 2003; Ortolan et al., 2004). Ubiquitinylation is 

also involved in the TC-NER procedure. The CSB protein initiates TC-NER upon RNAPII 

stalling at bulky lesions (Fousteri et al., 2006). Once activated, CSB recruits a complex 

containing the lesion receptor CSA and the CUL4 E3 ligase. The composition of the 

complex is similar to the one acting in GG-NER, only that instead of DDB2 the CSA protein 

is recruited (Groisman et al., 2003). CSB is then ubiquitinylated and subsequently degraded, 

thereby facilitating disassembly of the repair complex and re-start of transcription once the 

lesion is repaired (Groisman et al., 2006). Also stalled RNAPII is polyubiquitinylated in a 
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dynamic manner (Bregman et al., 1996). It has been postulated that in case of successful and 

rapid DNA repair ubiquitin chains are fully removed and the RNAPII directly restarts 

transcription elongation (Daulny and Tansey, 2009). However, when bulky adducts cannot be 

removed, the polyubiquitinylation targets RNAPII for degradation via the proteasome 

(Ratner et al., 1998).

Switching between normal DNA replication and distinct types of replication-associated 

DNA repair is another example of how protein quality control-related mechanisms 

contribute to genome integrity. The switching is established via specific ubiquitinylation and 

SUMOylation of PCNA -a ring like homotrimeric clamp that acts as a processivity factor for 

DNA polymerases (Ulrich, 2009). PCNA is loaded onto DNA at the start of replication in an 

ATP-dependent manner. In yeast, DNA loading triggers SUMOylation of PCNA on lysine 

residues 164 and 127 by SUMO-specific E2 conjugating enzyme Ubc9 and the SUMO 

ligase Siz1. SUMOylated Lys164 creates a high affinity binding site for Srs2, a helicase that 

displaces the Rad51 recombinase from the replication fork, thus preventing aberrant 

recombination, which is otherwise likely to occur due to close proximity of sister chromatids 

during normal replication (Hoege et al., 2002; Pfander et al., 2005). SUMOylated Lys127 

functions similar to Lys164 by inhibiting interaction between PCNA and Eco1, a factor 

responsible for sister chromatid cohesion (Moldovan et al., 2006). Once the replication fork 

stalls at a DNA lesion, single stranded DNA intermediates are formed as helicases continue 

to unwind DNA despite polymerase stalling. The ssDNA is rapidly coated with RPA 

proteins, which in turn recruits the Rad18-Rad6 ubiquitin ligase to the site of damage. The 

Rad18-Rad6 complex outcompetes SUMOylation at Lys164 of PCNA and establishes 

monoubiquitinylation of this residue (Hoege et al., 2002). Monoubiquitinylated Lys164 

creates a binding surface for low-fidelity TLS polymerases of the Y-family that contain 

ubiquitin-binding domains (Bienko et al., 2005). The Y-family polymerases lack 

requirement for Watson-Crick base pairing and can accommodate bulky DNA adducts in 

their active site, thereby facilitating DNA synthesis across lesions in an error-prone manner 

(Yang, 2003). Once replication is re-established, ubiquitin is removed from Lys164 by the 

de-ubiquitinylating enzyme Usp1 followed by dissociation of TLS polymerases from the 

replication fork and re-start of high fidelity DNA synthesis (Zhuang et al., 2008). If TLS is 

unsuccessful, stalled replication forks persist attracting additional factors including Ubc13-

MMS2 ubiquitin-conjugating enzyme and Rad5 ubiquitin ligase. The Ubc13-MMS2-Rad5 

complex extends monoubiquitinylation of Lys164 of PCNA to K63-linked polyubiquitin 

chains causing dissociation of TLS polymerases from the stalled replication fork followed 

by fork regression and switching to nascent lagging DNA strand as a template for error-free 

DNA synthesis (Blastyák et al., 2007; Parker and Ulrich, 2009; Ulrich and Jentsch, 2000).

Finally, the processing of inter-strand crosslinks (ICLs) is a remarkable example of how 

defects in ubiquitinylation related to DNA repair may lead to severe human disease. ICLs 

are typically inflicted by chemicals reacting with DNA such as cisplatin and mitomycin C 

and represent a highly toxic lesion type that interferes with replication and transcription and 

in addition promotes DSB generation (Deans and West, 2011). The inability to repair ICLs 

in humans is linked to the rare genetic disorder Fanconi anemia (FA), which is characterized 

by bone marrow failure, developmental abnormalities, and increased risk of cancer. 

Mutations in thirteen different genes were found to cause FA (Wang, 2007). Eight of these 
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genes (FA proteins A, B, C, E, F, G, L and M) are involved in the formation of a single large 

protein complex called “FA core complex” (de Winter et al., 2000; Medhurst et al., 2001). 

The only known enzymatic activity of this complex is to act as a ubiquitin ligase for the so-

called “ID complex” consisting of FA proteins I and D2 (Sims et al., 2007; Smogorzewska et 

al., 2007). The ID complex is mono-ubiquitinylated by FA core complex in a checkpoint-

dependent manner leading to the translocation of the ID complex to the damage site to 

initiate the repair process.

It has been speculated that decreased quality control with aging might impact the capacity of 

DNA repair systems to maintain genome integrity (Grillari et al., 2006). Senescent cells 

accumulate ubiquitinylated proteins while the pool of free ubiquitin declines (Merker et al., 

2000) and in various tissues in mammals proteasomal activity progressively declines with 

aging (Carrard et al., 2002). It is thus conceivable that an accumulation of ubiquitinylated 

substrates and shortage of free ubiquitin negatively influence events that involve de-novo 

ubiquitinylation of DNA repair proteins. Similarly to ubiquitinylation, the levels of 

SUMOylated proteins in various tissues in mammals have been reported to increase with 

aging (Li et al., 2008).

Systemic activation of protein quality control and multi-tissue responses by 

nuclear DNA damage

Not only the various DNA repair processes rely on protein quality control but also the cell-

fate outcomes of genome instability are regulated by ubiquitinylation and degradation of 

specific factors. Probably the most intensely studied example of such regulation is DNA-

damage dependent stabilization of p53 protein that leads to cell cycle arrest and/or apoptosis 

depending on levels of genome instability (Reinhardt and Schumacher, 2012). In 

unperturbed cells p53 is rapidly ubiquitinylated by the E3 ligase MDM2 resulting in the 

degradation of p53 by the proteasome. The constant cycle of p53 synthesis and MDM2-

controlled degradation ensures the availability of the p53-mediated checkpoint surveillance 

while preventing unnecessary cell cycle arrest or even death of healthy cells. In response to 

DNA damage, MDM2 is phosphorylated by the DNA damage checkpoint kinase ATM thus 

disrupting oligomerisation of MDM2 and its specific ability to modify p53 (while other 

targets can still be ubiquitinylated). Consequently, p53 accumulates in the nucleus and 

executes the DNA damage response (Manfredi, 2010). Interestingly, the proapoptotic 

activity of p53 in response to genome instability can also be regulated at the systemic level. 

It has been demonstrated that enhanced stabilization of HIF-1 (hypoxia induced factor 1) in 

specific sensory neurons of C. elegans leads to production of the tyrosinase TYR-2 that acts 

in the germline to inhibit the nematode p53 homolog CEP-1 through a yet to be determined 

mechanism. The alterations result in reduction of CEP-1 dependent apoptosis of germ cells 

in response to genotoxic stress (Sendoel et al., 2010). The HIF-1-mediated CEP-1 inhibition 

was suggested to protect the germ cells under conditions when food shortage forces the 

worms to migrate into deeper soil layers where oxygen levels are strongly reduced.

While non-cell-autonomous signalling alterations could influence cell-autonomous DNA 

damage responses, a number of systemic physiological events could also be triggered by 
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local nuclear DNA damage. Again, the nematode was used as model system of choice as 

only germ cells proliferate and evoke DNA damage checkpoint signalling upon genotoxic 

stress while somatic tissues are entirely postmitotic and highly radio-resistant. Various types 

of DNA damage including hydroxyurea treatment that leads to genome instability 

specifically during replication and meiotic DSBs that only occur in germ cells led to 

systemic resistance of somatic tissues to a number of stressors including heat and oxidative 

stress, a process coined “germline DNA damage-induced systemic stress resistance” 

(GDISR) (Figure 2). The ability to resist stress conditions is a typical hallmark of lifespan 

extension across species. Elevated stress survival upon DNA damage was shown to depend 

on MPK-1/ERK signalling in affected germ cells and on the functionality of the UPS in 

somatic tissues (Ermolaeva et al., 2013). Genome instability in germ cells triggers MPK-1 

dependent expression of genes associated with innate immune defence of the nematode 

(Ermolaeva and Schumacher, 2014a). Interestingly, many of these genes encode peptides of 

putative secreted nature leading to their hypothesized function as systemic mediators of 

DNA damage response and inducers of non-cell-autonomous protein quality control 

(Ermolaeva and Schumacher, 2014b). Consistent with this hypothesis, MAP kinase (in this 

case the p38 homolog PMK-1) dependent innate immune priming of C. elegans by 

immunogenic bacteria also results in activation of UPS and systemic resistance to stress. In 

contrast, inhibition of innate immune signalling abolishes DNA-damage induced stress 

tolerance. Interestingly, recent experimental evidence has established several examples that 

link innate immunity and protein quality control pathways in C. elegans. It was 

demonstrated that nematodes lacking unfolded protein response in the endoplasmic 

reticulum (UPRER) fail to develop on immunogenic P. aeruginosa. Of note, worms lacking 

UPRER and at the same time are unable to mount an innate immune response due to a 

mutation in the p38 MAPK pmk-1 develop normally under the same conditions suggesting 

that massive protein synthesis during immune response is likely to apply additional pressure 

on the proteostatic machinery (Richardson et al., 2010). Under these circumstances it is 

plausible that activation of the UPS during innate immune response represents an additional 

mechanism to support cellular proteostasis when large amounts of innate immune peptides 

are synthesized and processed for secretion. Autophagy as well as activity of specific E3 

ubiquitin ligases was recently shown to be induced during immune response in C. elegans 
(Bakowski et al., 2014; Visvikis et al., 2014). These quality control cascades were suggested 

to play a role in immune defence against viral and bacterial pathogens by supporting direct 

degradation of pathogenic material within infected cells. The effect of such activity on cell-

specific substrates during an immune response was, however, not investigated. It is, 

therefore, highly interesting to study the relationship between the different types of protein 

quality control cascades, genome instability in the germline, DNA-damage induced systemic 

immune responses and stress tolerance. Another important question is the biological 

significance of GDISR. The DNA damage checkpoint arrests germ cells of C. elegans thus 

halting the production of progeny until the repair has been completed. Interestingly, 

comparison of progeny generation by control and UV-treated nematodes revealed early 

reduction of viable offspring in the UV-irradiated population that was, however, 

compensated by enhanced offspring generation at the stage when untreated animals had 

already passed beyond their reproductively active period (Ermolaeva et al., 2013). GDISR 

might thus act as a systemic DNA damage checkpoint to support somatic endurance during 
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the time needed to repair DNA lesions in germ cells and resume generation of healthy 

offspring once genome stability is reinstated. In combination with the previously discussed 

role of neuronal HIF-1 in preventing apoptosis of germ cells, it appears that both the soma 

can provide cyto-protective signals to the germline and the germline can support survival of 

the soma during stress, thus eventually supporting successful passage of genetic material to 

the next generation. It will be highly interesting to better understand the intriguing systemic 

interactions between reproductive and somatic compartments under the influence of genome 

instability.

Responding to DNA damage through the activation of the innate immune system is by no 

means specific to C. elegans. For instance, it was demonstrated that UV-induced DNA 

damage in the larval epidermis of D. melanogaster causes innate immune induction and 

secretion of cytokines (Karpac et al., 2011) (Figure 2). Consistent with the systemic DNA 

damage responses in C. elegans, the initial steps of this process are regulated by MAP kinase 

signaling (in this case by the JNK pathway). The local cytokine induction is amplified by 

hemocytes - the immune cells of the fly, in a JAK/STAT dependent manner leading to a 

systemic innate immune response. The JAK/STAT pathway is an evolutionary conserved 

signaling cascade implicated in innate immunity and cytokine signaling in various species 

including mammals. Janus tyrosine kinases (JAKs) associate with respective receptors such 

as IL-6R, IL-10R or type I interferon receptors and are activated upon ligand binding. 

Activated JAKs phosphorylate specific tyrosine residues of the receptor leading to the 

recruitment and phosphorylation of STAT (Signal Transducer and Activator of 

Transcription) transcription factors. Phosphorylated STATs dimerize, translocate into the 

nucleus and bind to specific promoters thus inducing transcription of genes responsive to a 

given STAT combination (STATs can form both homo- and heterodimers). Among genes 

regulated by STATs there are multiple molecules involved in activation and regulation of 

immune response turning the JAK/STAT module into a critical signaling hub of immunity 

(Murray, 2007; Stark and Darnell, 2012). Interestingly, in Drosophila DNA damage-induced 

cytokine production causes systemic inhibition of insulin signaling and larval growth arrest 

by limiting the secretion of insulin-like peptides by the central nervous system. Among other 

effects, reduced insulin signaling activates the NF-κB/Relish transcription factor in the fat 

body of the larvae in a FOXO-dependent manner leading to induction of a secondary non-

destructive immune response (Karpac et al., 2011). The components of the secondary 

immune response, in addition to their direct immune function, also re-establish systemic 

production of insulin-like peptides thereby completing the tightly regulated interaction 

between DNA damage, innate immune response, and somatic growth in the Drosophila 
larvae. It is, therefore, plausible that the temporary growth attenuation acts in this case as a 

systemic quality control checkpoint to allow time for DNA repair and tissue regeneration 

before further developmental growth can be resumed.

In mammals, inflammatory responses to DNA damage are particularly well documented in 

UV-irradiated skin, where DNA lesions trigger MAP kinase and NF-κB dependent secretion 

of inflammatory cytokines in keratinocytes, thus triggering programmed death of skin cells 

and attracting immune cells to the skin (Lee et al., 2013). In addition to local inflammation, 

UV irradiation of the skin leads to systemic immunosuppression. One important molecule to 

trigger the immunosuppression is the RANK ligand that is produced by keratinocytes. 
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RANKL binds to its receptor on the surface Langerhans cells, the immune cells of the skin. 

Conditioned Langerhans cells then migrate into lymph nodes where they induce peripheral 

expansion of regulatory T-lymphocytes thereby conferring systemic immunosuppression 

(Loser and Beissert, 2009). Additional evidence of mammalian non-cell-autonomous 

responses to nuclear genome instability comes from human cells that are kept in senescence 

as a result of persistent DNA damage. These cells halt mitotic divisions and develop a 

“senescence associated secretory phenotype” (SASP) characterized by a constant production 

of pro-inflammatory cytokines that might impact the proliferation of surrounding cells and 

modulate tissue remodeling (Rodier et al., 2009).

Due to higher organismal complexity of Drosophila and mammals when compared to C. 
elegans, it might be more difficult to establish direct mechanistic links between DNA 

damage, innate immune response, and protective quality control in these systems. 

Nonetheless, the involved pathways -namely MAPK-induced innate immune responses- are 

highly conserved throughout evolution.

Moreover, the requirement of innate immunity for tissue remodeling and regeneration was 

described in insects and mammals. In Drosophila JAK/STAT dependent production of 

cytokines was shown to be essential for the regeneration of the intestine upon infection 

and/or injury (Jiang et al., 2009). Similar involvement of cytokines in maintenance of 

infected and injured intestine was demonstrated in mice (Iizuka and Konno, 2011). Another 

example of components of the innate immune system playing a role in mammalian tissue 

maintenance is the involvement of immune cells and pro-inflammatory mediators in the 

wound healing response of the skin (Eming et al., 2014). The exact molecular events 

orchestrating recovery of normal cell homeostasis in all described cases are still 

incompletely understood. It is, however, plausible that protein quality control activation 

downstream of the innate immune response contributes to the preservation of tissue 

functioning similarly to its consequences in C. elegans. Given the conservation of the 

connection between DNA damage and innate immunity among species it is tempting to 

hypothesize that systemic quality control induction via pro-inflammatory factors as well as 

temporary systemic attenuation of somatic growth are conserved protective responses to 

local genome instability.

Indeed, the systemic growth attenuation has been observed in distinct DNA repair 

compromised mouse models that showed impaired postnatal growth and premature ageing. 

Mice with defects in Sirt6 or the NER components Csb and Xpc or Ercc1 showed reduced 

levels of IGF-1 (Mostoslavsky et al., 2006; Niedernhofer et al., 2006; van der Pluijm et al., 

2006). Mechanistically, cells respond with somatotropic attenuation specifically to the 

persistence of transcription-blocking lesions (Garinis et al., 2009). Based on the prominent 

role of transcription-blocking lesions, RNAPII might survey the integrity of genes even in 

cell types that are postmitotic (Wolters and Schumacher, 2013). Transcription-coupled 

genome surveillance might thus orchestrate endocrine adjustments to DNA damage 

accumulation with ageing (Garinis and Schumacher, 2009; Schumacher, 2009). Systemic 

attenuation of the IGF-1/GH-mediated somatotropic axis in mammals might thus enhance 

maintenance of postmitotic tissues, however, possibly at the expense of tissue renewal that 

depends on the availability of endocrine growth factors (Behrens et al., 2014). Intriguingly, a 
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recent study in C. elegans, which carries highly conserved TC-NER genes (Babu et al., 

2014), has revealed that transcription-blocking DNA lesions lead to the activation of the 

FOXO transcription factor DAF-16 (Mueller et al., 2014). DAF-16 is negatively regulated by 

IGF-1 signaling and thus active when inhibitory IGF-1 signaling is attenuated. In response to 

DNA damage, DAF-16 could enhances the threshold of DNA damage-induced functional 

decline of tissues, suggesting that longevity assurance factors -such as DAF-16- might 

extend lifespan by increasing the DNA damage tolerance (Mueller et al., 2014).

Enhanced innate immune responses and systemic attenuation of the GH/IGF-mediated 

somatic growth axis similar to the prematurely aged DNA repair deficient animals has also 

been observed during natural aging (Schumacher et al., 2008b). It was hypothesized that the 

growth axis is attenuated in an attempt to antagonize the consequences of genome instability 

that otherwise might lead to cancer development (Schumacher et al., 2008a). However, the 

inflammatory responses to DNA damage might become detrimental and contribute to the 

tissue damage in the mice. Indeed, inhibition of pro-inflammatory signaling could alleviate 

various symptoms of premature aging in Hutchinson-Gilford-Progeria-Syndrome mice as 

well as in Ercc1 mutants (Osorio et al., 2012; Tilstra et al., 2012). Anti-inflammatory 

interventions might therefore offer useful treatment options for progeroid syndromes and 

aging-associated diseases.

Concluding remarks

The maintenance of the nuclear genome integrity is essential for the organism’s development 

and the maintenance of homeostasis throughout the lifespan. Given how frequently DNA 

damaging events occur, genome maintenance becomes a particular challenge during the 

process of aging where accumulation of DNA lesions is thought to contribute to the 

functional decline of cells and tissues. The critical role of genome instability in age-related 

deterioration of tissues has become particularly evident in various human progeroid 

syndromes and mice carrying mutations in various DNA repair genes. DNA repair 

machineries rely on precise temporal and spatial regulation, to which the cellular protein 

quality control mechanisms contribute. Failure to repair genomic lesions can result in 

cellular senescence and apoptosis of affected cells causing degeneration of tissues and 

functional decline. Cell-autonomous responses to DNA damage, however, insufficiently 

explain the complex pathological outcomes of genome instability for instance in progeroid 

syndromes. Growing evidence obtained from different animal models has established 

intriguing links between nuclear DNA damage and systemic adaptations that affect multiple 

organs. The innate immune responses that are mounted upon genotoxic stress have emerged 

as central mediators of non-cell-autonomous DNA damage responses. Evolutionary 

conserved MAP kinase pathways appear to play an important role in the secretion of 

cytokines in response to DNA damage. Direct connection between innate immunity and 

systemic induction of stress tolerance via activation of cellular protein quality control has 

recently been revealed in C. elegans. The molecular events underlying systemic adaptations 

to genome instability in higher organisms are as of yet less well understood. However, the 

involvement of cytokine secretion and its requirement for tissue maintenance and 

regeneration upon damage has become evident also in higher animals. Another important 

component of the systemic DNA damage response is the attenuation of IGF/insulin signaling 
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(IIS), which inhibits further growth of affected organisms. The DNA damage-induced 

inhibition of IIS is mediated by cytokines interacting with the central nervous systems at 

least in Drosophila. The attenuation of growth in response to genotoxic stress may serve as a 

systemic checkpoint mechanism that halts metabolic and developmental processes to allow 

time for DNA repair and damage removal before resuming full tissue functionality. More 

studies using different animal models will be instrumental in further dissecting molecular 

events underlying systemic adaptation to genome instability. Given the complexity of 

metabolic signaling and immune responses in mammals, simple model organisms like 

Drosophila and C. elegans become particularly important. Drosophila provides the 

opportunity to study interactions between dynamically regenerating tissues during systemic 

response to DNA damage, while the systemic adaptation to genotoxic stress in postmitotic 

tissues is particularly well accessible in the nematode. Further studies should integrate 

information obtained from simple organisms with mammalian models of pre-mature as well 

as normal aging and tumorigenesis thus deepening the understanding of organismal 

adaptations to genome instability impacting cancer, immunity, the biology of ageing, and 

mechanisms of age-related diseases.
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Figure 1. Roles of protein quality control during DNA damage responses.
Protein quality control mechanisms execute important functions in the presence of DNA 

damage. On the one hand ubiquitinylation, SUMOylation as well as associated degradation 

of specific repair factors directly facilitate repair of DNA lesions by pathways such as HR, 

NER, and BER. Specific SUMOylation and ubiqutinylation of the processivity factor PCNA 

regulates the switching between normal DNA replication and replication-associated DNA 

repair by acting as a docking platform for translesion polymerases and DNA recombination 

factors. Global cell fate decisions in the presence of DNA damage are regulated at the level 

of poly-ubiquitinylation and subsequent degradation versus stabilization of the transcription 

factor p53. Not only cell-autonomous but also systemic outcomes of DNA damage are 

linked to protein quality control. For instance it was recently found that enhanced somatic 

stress tolerance in response to genome instability in the germline of the nematode C. elegans 
is mediated by enhanced proteostasis and the ubiquitin proteasome system.
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Figure 2. Systemic DNA damage responses through evolutionary conserved pathways.
Organismal quality control pathways are involved in systemic DNA damage responses that 

slow down systemic growth and support tissue homeostasis to allow time for appropriate 

DNA repair. (a) In C. elegans it was recently demonstrated that enhanced tissue homeostasis 

and elevated stress survival upon innate immune induction (by DNA damage or other 

means) is executed via activation of the ubiquitin proteasome system (UPS). DNA damage 

in C. elegans is linked to innate immune response through the MAP kinase (MPK-1/ERK) 

signaling. (b) In D. melanogaster UV-induced lesions in the epidermis lead to MAPK-

dependent induction of cytokines. Cytokines act systemically to inhibit insulin signaling 

(IIS) via the central nervous system. The inhibition of IIS mediates growth arrest and 

activates NF-kB/Relish transcription factor in the fat body of the fly leading to the secondary 

immune response that, among other effects, re-activates insulin signaling leading to eventual 

resumption of growth. (c) In mammals DNA damage leads to the induction of immune 

response (both innate and adaptive) as well as to reduced insulin signaling and growth arrest. 

Both MAP kinases and NF-kB participate in the triggering of immune responses. The 
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cytokines taking part in the innate immune response have been implicated in tissue 

maintenance and regeneration in both Drosophila and mammals.
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Table 1
Overview of DNA repair pathways

Repair system Type of lesions Accuracy

Base Excision Repair (BER) Oxidative lesions error free

Nucleotide Excision Repair (NER) Helix-distorting lesions error free

Translesion synthesis Various lesions error prone

Miss Match Repair (MMR) Replication errors error free

Single Stand Break Repair (SSBR) Single strand breaks error free

Homologous Recombination (HR) Double-strand breaks mostly error free

Non-Homologous End Joining (NHEJ) Double-strand breaks mostly error prone

DNA Interstrand Crosslink Repair Pathway Interstrand crosslinks largely error free
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