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Abstract. 
Aging is a multifactorial process that depends on diverse molecular and cellular mechanisms, such as genome maintenance and inflammation. The nuclear enzyme poly(ADP-ribose) polymerase 1 (PARP1), which catalyzes the synthesis of the biopolymer poly(ADP-ribose), exhibits an essential role in both processes. On the one hand, PARP1 serves as a genomic caretaker as it participates in chromatin remodelling, DNA repair, telomere maintenance, resolution of replicative stress, and cell cycle control. On the other hand, PARP1 acts as a mediator of inflammation due to its function as a regulator of NF-κB and other transcription factors and its potential to induce cell death. Consequently, PARP1 represents an interesting player in several aging mechanisms and is discussed as a longevity assurance factor on the one hand and an aging-promoting factor on the other hand. Here, we review the molecular mechanisms underlying the various roles of PARP1 in longevity and aging with special emphasis on cellular studies and we briefly discuss the results in the context of in vivo studies in mice and humans.
 

1. Genomic Stability, Inflammation, and Aging
Aging has been defined as a progressive postmaturational decline in physiological capacity, accompanied by an increased susceptibility to disease and an increased mortality risk. Mechanisms to maintain genomic stability are thought to counteract the aging process, whereas inflammation is considered a driving force of human aging [1].
A large body of evidence supports the theory that genomic instability acts as a causative factor in the aging process, which is evident from the fact that most mouse models of premature aging as well as human progeria syndromes are related to defects in mechanisms of genomic maintenance [2]. This may be attributed to the fact that DNA serves as a blueprint of all cellular RNAs and proteins. Any acquired change in its sequence, which may arise from molecular damage, is permanent and thus may have irreversible consequences. For this reason nature invested in a sophisticated network of various mechanisms (i) to maintain genome integrity, such as DNA repair and cell cycle control, and (ii) to withdraw heavily damaged cells from the body, such as apoptosis and cellular senescence. However, even if these mechanisms may be very efficient they cannot cope with all the insults induced in the genome, leading to a gradual accumulation of DNA damage and mutations, thus contributing to organismic aging [2].
On the other hand, a direct relationship exists between physiological aging and increasing incidence of chronic inflammatory diseases. In its acute form, inflammation acts as a protective mechanism in response to pathogen invasion or tissue damage and helps to restore physiological integrity and function. However, in its chronic form, inflammation can exert detrimental effects on the cellular as well as the organismic level. Chronically inflamed tissue is characterized by infiltration of immune cells, neovascularization, fibrosis, and often tissue damage and necrosis [3]. The innate immune system, especially the mononuclear phagocyte system, is the most important mediator of chronic inflammation. Monocytes originate from the myeloid hematopoietic cell lineage in bone marrow. In the blood stream, monocytes are recruited by specific stimuli into different tissues, where they differentiate into phagocytic macrophages. Macrophages participate in the killing of invading microorganisms and emerging tumor cells through the production of reactive oxygen or nitrogen species (ROS and RNS). In addition, macrophages secrete cytokines, which play a key role in the regulation of multiple immune functions, especially inflammatory responses [3]. During aging, the continuous pressure on the immune system caused by repeated antigen stimulation, such as infections, food antigens, allergens, and self antigens, leads to an increase in activated cells and secretion of proinflammatory cytokines, such as TNFα [4]. These circulating proinflammatory factors may keep the immune system in a state of chronic low-level activation, a phenomenon described as “inflammaging” [5, 6]. Eventually, this causes “immunosenescence,” that is, an age-related decline in the capacity of adaptive immunity, consisting of more specific responses carried out by B and T cells [7]. Thus, with advanced age, the immune system undergoes a gradual remodeling in the attempt to reestablish a new balance that assures survival, however, favoring the development of chronic inflammatory conditions [5, 6, 8, 9].
DNA damage and inflammation are inevitably linked by the production of reactive chemical species, such as ROS and RNS. Cellular ROS and RNS production occurs constantly under physiological as well as pathophysiological conditions as a consequence of electron leakage of the mitochondrial electron transport chain and via enzymes such as NADPH oxidase, nitric oxide synthases, and xanthine oxidase. The “free radical theory of aging” posits that aging and its related diseases are the net consequence of free radical-induced damage and the inability to counterbalance these changes by antioxidative defenses and sufficient DNA repair [10]. Chronic inflammation results in the generation of a broad spectrum of ROS and RNS by activated macrophages and neutrophils, which damage cellular macromolecules including DNA [11, 12]. Conversely, the generation of ROS and RNS activates redox sensitive transcription factors, such as NF-κB, resulting in the generation of proinflammatory molecules. Moreover, DNA damage can induce cellular senescence, a tumor suppressive mechanism that is also associated with aging, leading to the secretion of inflammatory cytokines, a paracrine effect known as senescence-associated secretory phenotype (SASP) [5, 13]. Altogether, this can trigger a positive feedback loop that amplifies the processes of inflammation, damage, and destruction in target cells and organs, leading to an organismic decline and death over time. For example, chronic inflammation has been associated with an age-related decline in the function of hematopoietic and mesenchymal stem cells [14, 15] and has been implicated as a mediator of almost all of the aging-associated diseases, such as vascular diseases, diabetes, neurodegenerative diseases, and cancer [3, 5, 6, 9].
As discussed below, the nuclear enzyme PARP1 represents a factor that works at the interface between genomic maintenance and inflammation. Therefore, PARP1 may act in an antagonistic pleiotropic way, that is, functioning as a longevity assurance factor at younger age or in physiological conditions and as an aging-promoting factor at older age or in pathophysiological conditions. In this paper, we will discuss the numerous cellular functions of PARP1 in the context of mechanisms of longevity and aging and will put this into an organismic perspective by briefly summarizing in vivo studies in mice and humans.
2. PARP1 and Poly(ADP-ribosyl)ation
Poly(ADP-ribosyl)ation is a posttranslational modification of proteins that occurs in most eukaryotic organisms. The reaction is carried out by enzymes of the family of poly(ADP-ribose) polymerases (PARPs) by using NAD+ as a substrate to synthesize the linear or branched biopolymer poly(ADP-ribose) (PAR), which consist of up to 200 ADP-ribose subunits (Figure 1) [16]. PARP activation leads to covalent modification of various proteins with PAR including PARPs themselves, as some of them catalyze their automodification. Covalent linkage is mediated either through attachment on glutamate, aspartate, or lysine residues of the acceptor proteins [16]. Apart from covalent modification, some proteins can also bind preexisting ADP-ribose chains in a noncovalent fashion, and this binding is mediated via at least three different PAR binding motifs. Those include (i) a 20 amino acid motif, (ii) distinct macrodomains, and (iii) a PAR-binding zinc finger, all of which fulfill diverse cellular functions [17–22]. Whereas the PAR-binding macrodomains and zinc fingers are present in a limited number of human proteins (<50), the 20-aa motif has been identified in several hundred human protein sequences [17, 18]. This weakly conserved motif consists of (i) a cluster rich in basic amino acids and (ii) a pattern of hydrophobic amino acids interspersed with basic residues [17, 18]. Most of the putative PAR-binding proteins identified are involved in a wide spectrum of cellular mechanisms such as genomic maintenance, chromatin remodeling, transcription, replication, RNA metabolism, inflammation, cell cycle control, and cell death [18]. In general, poly(ADP-ribosyl)ation modulates target protein function by modifying enzymatic activities or interactions with other macromolecules such as DNA, RNA, or proteins [23].



	


	


	


	


	


	


	


	


	
	


	


	
		
	


	
	


	
	


	


	


	


	


	


	


	


	


	


	


	


	
	


	


	


	
	


	
	


	


	


	


	


	


	


	


	


	


	


	


	


	
	


	


	


	


	
	


	


	


	


	


	


	



	
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	


	


	


	


	


	


	
	


	


	


	
	


	
	


	


	


	


	


	


	







	




	


	


	


	


	


	
	


	
	


	


	


	


	


	


	


	
		
		
			
		
	


	
		
		
			
		
	


	


	


	


	


	


	
	


	
	


	


	









































































































































































































































	
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
		
	


	
		
			
			
		
		
			
		
	


	
		
			
			
		
		
			
		
	


	
		
			
			
		
		
			
		
	


	
		
			
			
		
		
			
		
	


	
		
			
			
		
		
			
		
	


	
		
			
			
		
		
			
		
	


	
		
			
			
		
		
			
		
	


	
		
			
			
			
			
			
			
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	

Figure 1: Poly(ADP-ribosyl)ation. PARPs cleave the glycosidic bond of NAD+ between nicotinamide and ribose followed by the covalent modification of acceptor proteins with an ADP-ribosyl unit. PARPs also catalyze an adduct elongation, giving rise to linear polymers with chain lengths of up to 200 ADP-ribosyl units, characterized by their unique ribose (1′′→2′) ribose phosphate-phosphate backbone. At least some of the PARP family members also catalyze a branching reaction by creating ribose (1′′′→2′′) ribose linkages.


Importantly, the cellular existence of PAR is transient, since the polymer is rapidly hydrolyzed by PARPs catabolic counterpart, poly(ADP-ribose) glycohydrolase (PARG). PARG possesses both exo- and endoglycosidic activities and is encoded by a single gene giving rise to at least five different splice variants with distinct subcellular localizations [24–26]. In addition, a second enzyme was identified with weak PARG activity, that is, ADP-ribose-arginine protein hydrolase 3 (ARH3), with evidence that this enzyme is associated with PAR degradation in mitochondria [27, 28].
The PARP gene family consists of 17 homologues in the human genome [16]. PARP1 is the founding member of the gene family. It exhibits key roles in the regulation of nuclear and cellular functions and can be activated either by DNA damage, posttranslational protein modifications, or potentially by direct protein-protein interactions [29]. The strongest stimulation of PARP1 activity is mediated by its binding to DNA strand breaks which induces its catalytic activation as a monomer or dimer by several hundred-fold [30–33]. Under these conditions, PARP1 accounts for >75% of the overall cellular poly(ADP-ribosyl)ation capacity [34, 35]. Apart from direct DNA damage-dependent PARP1 activation, its activity is also regulated by posttranslational modifications such as phosphorylation, acetylation, and sumoylation [36–40]. Moreover, PARP1 activity is subject to regulation by direct protein-protein interactions [41–43].
Three nonexclusive mechanisms of the cellular functions of PARP1 can be distinguished: (i) functions that rely on the enzymatic activity of PARP1 and the subsequent covalent modification or noncovalent interaction of nuclear proteins with PAR; (ii) direct interactions of proteins with PARP1 via protein-protein interaction, for example, via the BRCT domain; (iii) intervention in the cellular NAD+ metabolism by excessive PARP1 stimulation and potential signaling functions of free PAR or its derivatives. The consequences of these actions with regard to modulation of genomic maintenance, chromatin structure, inflammation, and cell death are discussed below.
3. PARP1 in Genomic Maintenance
It is estimated that thousands of DNA damage lesions occur in a mammalian cell per day, all of which need to be repaired to ensure genomic stability and longevity. In mammals, at least six major DNA repair pathways exist, that is, O6-methyl guanine methyltransferase (MGMT), base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), and DNA double-strand break (DSB) repair including the subpathways homologous recombination (HR) and nonhomologous end-joining (NHEJ) [2].
Except for the MGMT and MMR pathways, there is evidence that PARP1 is involved in all of these repair mechanisms, and therefore, PARP1 is considered a general caretaker of genomic stability [29]. Of note, the recruitment of PARP1 to sites of DNA damage and the subsequent production of PAR can occur within seconds and is one of the fastest DNA damage responses [44, 45]. Apart from this direct involvement in several DNA repair mechanisms, PARP1 participates in genomic maintenance through its role as a regulator of chromatin structure and cell cycle regulation (Figure 2).


	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
		
		
		
		
		
		
		
	


	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
		
		
	


	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
		
		
	


	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
		
		
		
		
		
	


	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
		
		
		
		
	


	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
		
		
		
	


	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
		
		
		
		
	


	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
		
		
		
		
	


	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
		
		
		
	


	
		
	
	
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	



	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
	
	
		
	


	
		
		
		
		
		
		
	
	
		
	
	
		
	


	
		
		
		
		
		
		
		
	


	
		
		
		
	


	
		
		
		
		
		
		
	


	
		
		
		
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 2: PARP1, some interaction partners, and their role in genomic maintenance. ATM indicates ataxia telangiectasia mutated; Bub3, budding uninhibited by benzimidazoles 2; Cenpa/b, centromeric protein a/b; CSB, Cockayne syndrome type B; DEK, DEK oncogene; DNA-Polβ, DNA polymerase β; DNA-PKCS, DNA-activated protein kinase catalytic subunit; HMGB1, high mobility group box 1; Ku70/80, Ku antigens 70/80 kDa subunit; MRE11, meiotic recombination 11; p21, cyclin-dependent kinase inhibitor 1A; p53, tumor suppressor protein p53; PCNA, proliferating cell nuclear antigen; TRF2, telomeric repeat binding factor 2; WRN, Werner syndrome protein; XRCC1, X-ray repair complementing defective in Chinese hamster 1; XPA, xeroderma pigmentosum complementation group A.


Several cellular studies support a role of PARP1 as a general cell survival factor upon genotoxic stimuli: transdominant inhibition of PARP1 by overexpression of its DNA binding domain potentiates cytotoxicity upon treatment of cells with alkylating agents and ionizing radiation [46]. Moreover, PARP1-deficient cells exhibit an enhanced sensitivity to alkylating agents [47, 48] and show increased frequencies of sister chromatid exchanges, both under basal conditions and upon treatment with alkylating agents [49, 50]. Consistent with this, overexpression studies demonstrated that PARP1 acts as a negative regulator of alkylation-induced sister chromatid exchange [51], and ex vivo supplementation of human PBMC with the NAD+ precursor nicotinic acid enhances cellular poly(ADP-ribosyl)ation and improves cell viability upon induction of genotoxic stress [52].
3.1. PARP1 and Chromatin Regulation
Chromatin is a complex of DNA and proteins with a dynamic structure and is involved in replication, transcription, and other fundamental cellular processes. Structural and functional alterations of chromatin are widely associated with aging from yeast to mammals [53]. The molecular mechanisms leading to chromatin disturbances in aging are largely unknown, but may be related to accumulation of unrepaired DNA damage. On the other hand, alterations in chromatin structure increase the susceptibility to DNA damage, suggesting the presence of a positive feedback mechanism of DNA damage leading to chromatin rearrangements which, in turn, sensitizes DNA as a substrate for further damage. Moreover, there is evidence that chromatin defects lead to alterations in transcriptional programs thereby contributing to the aging process [53].
PARP1 acts as a structural and regulatory component of chromatin, both in undamaged cells and upon genotoxic stress. It may either regulate chromatin structure directly by poly(ADP-ribosyl)ation of chromatin components, or indirectly by controlling the recruitment of chromatin remodeling factors [54]. Many PAR acceptor and binding proteins contribute to chromatin and nuclear architecture such as histones, lamins, high-mobility group (HMG) proteins, heterochromatin protein 1 (HP1), and the DEK protein [54–59]. It was proposed that PARP1 induces a histone-shuttling mechanism, based on findings that poly(ADP-ribosyl)ation of polynucleosomes causes relaxation of chromatin structure and that activity of PARG degrades PAR from modified histones [60–63]. According to this model, DNA-bound histones dissociate from DNA upon poly(ADP-ribosyl)ation, causing an open chromatin structure and guiding repair factors to sites of DNA damage. Upon degradation of PAR by PARG, DNA reassociates with histones, thereby restoring the condensed chromatin structure. Moreover, upon DNA damage, PARP1 activation leads to the recruitment of the histone variant macroH2A1.1 to the site of the damage, which transiently causes chromatin rearrangements and dynamically modulates the DNA damage response [22]. Kim et al. reported that PARP1 itself can function as a component of chromatin [64], that is, histone H1 and PARP1 bind in a competitive and mutually exclusive manner to nucleosomes in vitro. Thereby, PARP1 promotes the local compaction of chromatin into higher order structures, which are associated with transcriptional repression. The authors suggested that PARP1 modulates the chromatin architecture and gene transcription through its intrinsic enzymatic activity in a DNA damage-independent manner; that is, PARP1 activation and automodification trigger its release from chromatin, thereby facilitating chromatin decondensation and gene transcription by RNA polymerase II. Subsequent cellular studies demonstrated that PARP1 could replace histone H1 at RNA polymerase II-transcribed promoters, which was associated with actively transcribed genes [65].
Apart from a functional interplay between PARP1 with histones, an interesting physical and functional interaction exists between PARP1 and DEK. The DEK protein is a major nonhistone chromatin component with functions in DNA metabolism and repair on a cellular, and carcinogenesis and autoimmunity on an organismic level. DEK is often found to be upregulated in tumor tissue, and high levels of DEK favor cell immortalization by inhibiting senescence and apoptosis. Consistently, DEK deficient cells are prone to induction of senescence in the response to genotoxic stress [66]. We and others have shown that PARP1 poly(ADP-ribosyl)ates DEK. Moreover, DEK interacts with PAR in a non-covalent manner which regulates its DNA binding affinity and multimerization with possible implications in response to genotoxic stress and gene transcription. In terms of gene transcription, DEK is released from chromatin upon poly(ADP-ribosyl)ation to permit transcriptional initiation [56, 59, 67]. Whether DEK itself or its interplay with PARP1 has a direct role in aging mechanisms remains to be clarified.
PARP1 activation is also necessary for the exchange of histone H1 with high-mobility group B (HMGB) proteins, which are non-histone chromatin-associated proteins that bend DNA and recruit transcription factors to their DNA targets [68]. Interestingly, during inflammation, HMGB1 can be secreted by activated cells, where it inhibits phagocytic uptake of dying cells by macrophages. HMGB1 secreted upon specific stimuli, that is, TLR4 stimulation is highly poly(ADP-ribosyl)ated, which enhances the inhibitory effect of HMGB1 on macrophage-dependent phagocytosis. This indicates a regulatory role of PAR in such inflammatory mechanisms with potential implications in mechanisms of aging as discussed below [69].
Importantly, not only structural components of the chromatin are regulated by poly(ADP-ribosyl)ation, PAR also serves as an important factor in the regulation of chromatin remodeling factors, such as ALC1 and NURD [21, 70–72]. For example, the recruitment of the NURD chromatin remodeling complex to sites of DNA lesions depends on the synthesis of PAR. Interestingly, this complex was identified as an important modulator of aging-associated chromatin defects, and loss of several NURD components and function was evident during human premature aging [73].
The role of PARP1 in gene transcription and chromatin remodeling was impressively demonstrated in a Drosophila study [74]. The authors revealed that PARP1 is crucial for puff formation in giant polytene chromosomes. Puff formation arises from local relaxation of the chromatin structure and is associated with actively transcribed regions [74]. Ju et al. provided interesting mechanistic evidence linking PARP1-dependent initiation of transcription and its function in DNA binding [68]. According to this work, PARP1 acts in concert with another binding partner, that is, topoisomerase II. Topoisomerase II introduces a transient double strand break at the promoter, which leads to PARP1 binding and activation. The subsequent rapid but transient poly(ADP-ribosyl)ation triggers chromatin relaxation and initiation of transcription.
Together, these findings suggest a functional interplay of PARP1 with chromatin components and associated remodeling factors, implying an active role of PARP1 in chromatin function and transcriptional regulation during the aging process. Gene profiling data support such a hypothesis, since PARP1 deficiency alters expression of genes involved in cell cycle progression, DNA replication, oxidative stress, cancer initiation, and aging [75, 76]. The detailed spatial and temporal characteristics of these mechanisms, however, remain to be determined.
3.2. PARP1 in DNA Repair
As discussed above, a substantial body of evidence demonstrates a causative role of DNA repair and genome maintenance mechanisms in mammalian longevity.
Base excision repair (BER) is the major DNA repair pathway that acts on damage that occurs during cellular metabolism including damage from ROS, methylation, deamination, and hydroxylation. The levels of many of these lesions increase with age including the well-studied lesion 8-oxoguanine. Moreover, BER activity decreases with age in multiple tissues [77]. The core BER reaction is initiated by a DNA single-strand break (SSB) upon excision of the damaged bases by DNA glycosylases [78]. PARP1 detects such SSB via its second zinc finger (ZFII), thus triggering its enzymatic activation [79, 80]. Moreover, PARP1 physically cooperates with 8-oxoguanine-DNA glycosylase, which further stimulates PARP1 activity [81]. Importantly, the recruitment of the BER loading platform X-ray repair complementing factor 1 (XRCC1) is completely dependent on poly(ADP-ribsosyl)ation [82, 83]. Thus, PARP1 and PAR are required for the assembly and stability of XRCC1 nuclear foci after DNA damage [83]. Furthermore, XRCC1 and PARP1 interact with DNA polymerase-β and DNA ligase III, forming a multiprotein complex consisting of the major BER factors [84–86].
The finding that PARP1-deficient cells still synthesized PAR led to the identification of an additional nuclear PARP, that is, PARP2, which is also activated upon genotoxic stimuli [34, 35]. PARP1 and PARP2 homo- and heterodimerize and work at least partially in a redundant fashion, since only double-knockout mice show embryonic lethality [87, 88]. This notion is supported by the fact that PARP2 also participates in BER and interacts physically and functionally with XRCC1, DNA polymerase-β, and DNA ligase III. Recruitment studies indicate a role of PARP2 in later steps of BER repair, as proposed by the following model for spatiotemporal accumulation of BER factors: SSBs are detected by the DNA binding domain of PARP1, leading to its activation, production of PAR, and chromatin relaxation. Subsequently, additional PARP1 molecules are attracted, causing amplification of the signal. At the “point of repulsion,” PARP1 then dissociates from the DNA, enabling the recruitment of the BER loading platform XRCC1, PARP2, and further DNA repair factors. This triggers resealing of the DNA lesion and reestablishment of genomic integrity [89].
Nucleotide excision repair is responsible for the removal of bulky helix-distorting DNA adducts, which are caused by UV irradiation and endogenous metabolites [78]. The functional role of the NER as a longevity assurance mechanism is impressively represented by the fact that patients with defects in a subset of NER proteins, that is, CSA and CSB (Cockayne syndrome) and XPB, XPD, TTDA (trichothiodystrophy), as well as corresponding mouse models, show in some tissues a strong premature aging phenotype [2]. Although the role of PARP1 in NER is not very well established, at least two NER factors, the DNA-dependent ATPase Cockayne syndrome group B (CSB) protein and the DNA lesion recognition protein xeroderma pigmentosum group A (XPA), were identified as PAR binding factors [17, 90, 91]. CSB also physically interacts with PARP1 and its ATPase activity is inhibited by poly(ADP-ribosyl)ation. Consistently, there is some evidence from cell culture studies that PARP1 is involved in NER of UV photo-damage products [92, 93].
DNA double strand breaks (DSBs) arise from ionizing radiation, free radicals, chemicals, or during replication of a SSB through collapsed replication forks. They represent the most cytotoxic form of DNA damage and, if unrepaired, they can trigger apoptosis, senescence, or genomic instability. Mammalian cells repair DSBs via two mechanisms: homologous recombination (HR) utilizes the sister chromatid or chromosome for error-free repair of the DSB, whereas nonhomologous end-joining (NHEJ) simply reattaches free DNA ends without using a template. For this reason, NHEJ is prone to microdeletions or insertions which can cause frameshift mutations [78]. Whether HR or NHJE is employed depends on the species, cell type, and cell cycle phase [94]. In both pathways, PARP1 already participates at very early stages. PARP1 and the DSB sensing complexes MRN (MRE11/Rad50/NBS1) (involved in HR) and Ku70/80 (involved in NHEJ) were shown to interact with and compete for binding at free DNA ends, with PARP1 potentially guiding these proteins to the damaged site [44, 95]. PARP1 also physically and functionally interacts with two phosphatidyl inositol 3-like protein kinases ATM (involved in HR) and DNA-PKcs (involved in NHEJ), which are crucial for DSB signaling [96–99]. It was suggested that PARP1 serves as a general DNA-damage-detecting molecule, which potentially mediates a switch between the NHEJ and the HR pathways [94]. Consistent with this, PARP1 functions in a NHEJ back up pathway [95, 100], and several reports demonstrated an antirecombinogenic activity of PARP1 [101–103]. Some information on the role of PARP1 in DSB repair was obtained from studies investigating the possible use of PARP inhibitors as anticancer drugs following the concept of synthetic lethality. According to this concept, PARP1 inhibition alone shows no cytotoxic effect on HR proficient cells, but causes cytotoxicity in HR-defective cells, for example, BRCA mutant cancer cells. This cytotoxicity is thought to be induced by accumulation of unrepaired SSBs, which are converted to DSBs by collisions with the replication machinery which cannot be repaired due to the lack of HR, ultimately triggering cell death [104]. A recent study challenged this view by presenting an alternative model based on the finding that coinactivation of NHEJ rescued the synthetic lethal effect in BRCA1-deficient cells indicating that PARP1 catalytic activity regulates NHEJ activity, thus preventing NHEJ components from binding to sites of DNA damage [105]. Yet another study reported that loss of PARP1 activity itself can inhibit HR by suppressing the expression of BRCA1 and RAD51, two key factors in HR [106]. Moreover, PARP1 is activated at stalled forks to mediate Mre11-dependent replication restart by HR [107]. Another level of complexity is added by recent work demonstrating that SIRT6, a mammalian homolog of the yeast Sir2 deacetylase which functions as a longevity regulator in yeast, is recruited to sites of DSBs. There, SIRT6 appears to stimulate DSB repair via NHEJ and HR. Of note, SIRT6 interacts with PARP1 and stimulates its activity thereby enhancing DSB repair upon oxidative stress [108]. It is important to note that the results mentioned above are not necessarily mutually exclusive, but more work is necessary to define the exact molecular mechanisms by which PARP1 participates in DSB repair and which role this may have during aging.
3.3. PARP1, Telomere Maintenance, and the WRN Protein
Telomeres are repetitive sequences at the end of the chromosomes and function as a buffer to prevent loss of coding sequences during DNA replication. They are capped by a protein complex known as shelterin, which tightly regulates the telomeric structure by interaction with several DNA repair proteins and the telomere-elongating reverse transcriptase, telomerase. Deterioration of telomeres represents an important factor during human aging [109].
The role of PARP1 in the regulation of telomere length is well established. In vivo, a substantial loss of telomeric DNA by 30% was observed in the first generation of Parp1−/− mice [110]. Gomez et al. reported that PARP1 is dispensable for the capping of normal telomeres, but is specifically recruited to eroded telomeres, where it might help to protect chromosomes against end-to-end fusions and genomic instability [111]. Our group demonstrated in various cell culture systems that pharmacological inhibition of poly(ADP-ribosyl)ation or PARP1 knockdown via RNA interference leads to a rapid decrease in telomere length and stabilization at a lower level. Importantly, neither the length of the single-stranded telomeric overhang nor telomerase activity was affected by PARP1 inhibition. Interestingly, release from PARP inhibition led to a fast regain in telomere length in telomerase-positive cells indicating that PARP1 activity is an important determinant in telomere length regulation [112]. On a molecular level, the function of PARP1 in telomere length regulation presumably depends on its interaction with the telomeric repeat binding factor 2 (TRF2). TRF2 is a key component of the shelterin complex and is responsible for telomeric stability, length regulation, and suppression of unscheduled activity of the double-strand break repair machinery by maintaining the t-loop [113]. PARP1 interacts with and modifies TRF2, and the poly(ADP-ribosyl)ation of TRF2 affects its binding to telomeric DNA [111, 114].
Another PARP1 interaction partner that is involved in telomere regulation is the RecQ helicase WRN [115]. Patients with the rare autosomal recessive disorder Werner syndrome, in which the WRN gene is mutated, display genomic instability and telomere shortening on the cellular and premature aging on the organismic level with symptoms resembling normal human aging in many aspects including cataracts, graying of hair and alopecia, atherosclerosis, osteoporosis, and higher cancer incidence. The premature aging phenotype of these patients appears to be at least partially dependent on telomere length, since human symptoms were only recapitulated in mice with short telomeres, that is, WRN/telomerase double-knockout mice [115, 116]. (N.B. Mice usually exhibit considerably longer telomeres (~40 kb) than humans (5–15 kb)). On a cellular level, fibroblasts derived from WS patients display genomic instability and a reduced replicative lifespan. This phenotype is in accordance with experimental data demonstrating that WRN is involved in multiple aspects of DNA metabolism, such as DNA replication, genomic maintenance, and telomere regulation [115]. WRN functions as a 3′-5′ helicase and additionally as a 3′-5′ exonuclease. Proper enzymatic activity of WRN seems to be crucial for maintaining genomic integrity, since pharmacological inhibition of WRN’s helicase activity causes DSBs and apoptosis [117]. WRN and PARP1 directly interact with each other physically and PARP1 modulates WRN’s exonuclease and helicase activities [118, 119]. Upon automodification of PARP1, the inhibition of WRN’s exonuclease and helicase activities is released suggesting that PARP1 regulates the timing of WRN activity towards its substrates [113]. The regulation of PARP1 and WRN appears to be reciprocal, because poly(ADP-ribosyl)ation is impaired in WRN deficient cells indicating that WRN is required to regulate PARP1-dependent poly(ADP-ribosyl)ation [120]. Moreover, other factors than PARP1 and WRN are involved in these mechanisms, because WRN and PARP1 share many interaction partners, including DNA-PK, P53, and TRF2 (Figure 3). For example, PARP1, WRN, and DNA-PK (including Ku70/80 and DNA-PKcs) can form a complex, in which PAR-modified Ku70/80 inhibits WRN [121]. Furthermore, both PARP1 and WRN have positive impact on telomere length, presumably by regulating the binding of TRF2 to the t-loop. Genetic cooperation between PARP1 and WRN was demonstrated in vivo, because mice with deficiencies in both proteins display higher rates of chromatid breaks, chromosomal rearrangements, and cancer than each of the single-mutant mice [122]. Moreover, double mutants appear to have reduced median and maximum lifespan, despite the fact that these mice were on a telomerase-positive genetic background and telomere lengths of single-mutant MEFs did not differ significantly from the double-mutant MEFs. This finding suggests that telomere-independent functions of WRN and PARP1 exist in the mouse to maintain organismic longevity. (N.B. In contrast, wild-type MEFs showed 30–40% longer telomeres). In conclusion, since PARP1 and WRN share many interaction partners and both proteins participate in other DNA repair pathways such as BER and NHEJ, they probably synergistically collaborate to maintain overall genomic stability and ensure longevity.


	
		
			
				
					
						
						
							
						
					
				
			
		
	


	
		
			
				
					
				
					
				
			
		
	


	
		
			
				
					
				
					
				
			
		
	


	
		
			
				
					
				
					
				
				
					
				
			
		
	


	
		
			
				
					
				
					
				
				
					
				
			
		
	


	
		
			
				
					
				
					
				
			
		
	




	
		
			
				
					
						
					
						
					
				
			
		
	



	
		
			
				
					
				
					
				
			
		
	


	
		
			
				
					
				
					
				
			
		
	


	
	
	
	
	
	



	
	
	
	



	
	
	
	
	
	



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
		
		
	
	
		


	
	
	
	
	
	



	
		
		
		
		
		
	


	
		
		
		
		
		
		
	
	
		
	
	
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
		
		
		
	


	
		
		
		
		
		
	



Figure 3: Interaction map between PARP1 and Werner syndrome protein (WRN). The two proteins share many overlapping interaction pathways. There is a reciprocal interaction with DNA-PK (double-headed arrow) and p53, stimulation of base excision repair (BER, one-headed arrow), and inhibition of TRF2-DNA binding (blocked arrow). PARP1 also inhibits WRN functions if in an unmodified state (reproduced from [113]).


3.4. PARP1 during DNA Replication, Mitosis, and Cell Cycle Control
The WRN helicase also participates in the response to replicative stress, a cellular stressor that was linked to mammalian aging due to its ability to drive cells, including stem cells, into senescence and apoptosis [123, 124]. Replication forks contain several proteins such as helicases and polymerases, forming the so-called replisome. Usually, progression of the replication fork continues until it encounters a replication fork barrier such as DNA-protein complexes or SSBs. In this case, the replicative helicase progresses much more slowly, so that the fork is “stalled.” If this goes along with the disassembly of the replisome the fork “collapses” and a DSBs is formed [125]. WRN and PARP1 are involved in the reactivation of stalled replication forks. Specifically, PARP1 binds to and is activated at stalled replication forks and mediates the recruitment of Mre11, a key component of the MRN complex. Mre11 may collaborate with WRN helicase to resect DNA ends for RAD51 loading and subsequent HR repair to promote replication fork restart after release from replication blocks [44, 107, 125, 126]. In accordance with these data, a recent study demonstrated that PARP activity is required for effective replication fork restart upon treatment of cells with sublethal dosis of the replication stress-inducing topoisomerase 1 inhibitor camptothecin [127].
After DNA replication is completed, proper mitotic regulation is crucial to ensure genomic integrity [128]. During mitosis, the spindle pole formation requires the centrosome, whereas the centromere is the chromosomal region that organizes the kinetochore, thus enabling the attachment of the mitotic spindle microtubules. First, evidence for a role of poly(ADP-ribosyl)ation in spindle regulation was obtained from a study with Xenopus laevis egg extracts showing that PAR is a component of the mitotic spindle and is required for its assembly and function, although this was attributed to the enzymatic activity of another PARP family member, that is, tankyrase-1 [129, 130]. With regards to PARP1, it was shown that haploinsufficiency for PARP1 is related to centrosome duplication and chromosomal instability [131]. Consistent with this, PARP1 localizes to the centrosome [132, 133]. Moreover, PARP1 and PARP2 are present at centromeres and interact with the constitutive centromere proteins Cenpa, Cenpb and the spindle check point protein Bub3 [134, 135]. The physical and functional relationship of PARP1 to the centrosome and the centromere links DNA damage surveillance to the mitotic spindle checkpoint. The notion that mitotic spindle checkpoint proteins play an important role to ensure mammalian longevity is supported by studies demonstrating that mice with low levels of the mitotic checkpoint protein BubR1 and mice haploinsufficient for Bub3 and Rae1—another mitotic checkpoint gene—age prematurely (N.B. A complete knockout of these genes results in embryonic lethality in the mouse) [136, 137].
Because severe DNA damage or mitotic misregulation can cause genomic instability leading to tumor formation, a complex cellular security network has evolved to counteract carcinogenesis. This signaling network can stop the cell cycle at different stages, thereby either inducing DNA repair, or eradicating or neutralizing heavily damaged cells by apoptosis or senescence, respectively. To this end, apoptosis and senescence are powerful tumor-suppressive mechanisms, but on the other hand, both pathways can lead to depletion of the regenerative cell pool, thus promoting tissue degeneration and organ failure, which are hallmarks of aging [138]. One of the most important regulators of cell cycle progression and induction of senescence/apoptosis is the transcription factor P53. Consequently, mouse studies demonstrated that P53 deficiency leads to premature death due to tumor development, whereas constantly active P53 protects against cancer at the cost of a premature aging phenotype [138]. Consistent with the role of PARP1 and P53 as caretakers and guardians of the genome, respectively, PARP1 and P53 synergistically cooperate in vivo in telomere and chromosomal maintenance as well as in tumor suppression [139–143]. Many functional interactions between PARP1 and P53 during DNA damage response and apoptosis exist, such as delayed P53 transactivation potential in PARP1-deficient cells [144–147]. In addition to its function as a positive regulator of gene expression, P53 also acts as a gene-specific transcriptional transrepressor. Interestingly, P53-mediated transrepression of the MTA1 gene (MTA1, metastasis associated protein 1), a component of a nucleosome remodeling complex which is associated with very aggressive tumor phenotypes, depends on functional poly(ADP-ribosyl)ation of P53 [148]. On the other hand, poly(ADP-ribosyl)ation of P53 is also able to inhibit its binding to its transcriptional consensus sequence, indicating that multifaceted regulatory mechanisms exist between PARP1 and P53 [149, 150]. Kanai et al. suggested a mechanism of PARP1-dependent regulation of P53 activity. According to this study, poly(ADP-ribosyl)ation induces structural changes in P53 that mask its nuclear export sequence, resulting in an accumulation of P53 in the nucleus, where it exerts its transactivational functions. Accordingly, a P53 mutant in which acceptor sites were mutated was localized to the cytoplasm to a greater extent than wildtype P53 [151].
In conclusion, there is ample evidence that PARP1 modulates P53 stability, intracellular localization, and transcriptional activity with likely implications in the induction of apoptosis and senescence on a cellular and therefore aging and longevity on an organismic level. However, studying the combined role of PARP1 and P53 in the aging process is complicated by the situation that mouse models with deficiencies in both tumor-suppressor genes show cancer-dependent premature death unrelated to other signs of premature aging. The development of sophisticated conditional mouse models with spatiotemporal-controlled expression of PARP1 and P53 may represent an approach to overcome these hurdles.
3.5. PARP1 as a Longevity Assurance Factor
As discussed in the preceding sections, PARP1 acts as a general caretaker of genomic stability and is associated with various factors, whose involvement in mechanisms of aging and longevity are well established. This indicates a potential role of PARP1 as a longevity assurance factor which is supported by in vivo studies as briefly discussed in the following.
There is a large body of evidence showing a positive correlation of poly(ADP-ribosyl)ation capacity and mammalian longevity. Previously, we demonstrated that poly(ADP-ribosyl)ation capacity in peripheral blood mononuclear cells (PBMCs) of 13 mammalian species strongly correlates with their maximum lifespan, for example, maximum poly(ADP-ribosyl)ation levels were five times higher in humans than in rodents [152]. Interestingly, these differences in poly(ADP-ribosyl)ation are not associated with different enzyme levels, but are rather influenced by an higher poly(ADP-ribosyl)ation capacity of the human PARP1 enzyme in comparison to its mouse ortholgue [153]. Moreover, poly(ADP-ribosyl)ation capacity in PBMCs declines with age in humans and rodents [152, 154]. Interestingly, humans exhibiting an exceptional long lifespan, that is, centenarians, display a significantly higher poly(ADP-ribosyl)ation capacity than the average population [155], which is comparable to those of young subjects [156].
Apart from these correlative studies, studies with Parp1−/− mice indicate a role of PARP1 as a longevity assurance factor. Thus, Parp1−/− mice and cells derived thereof are hypersensitive to DNA-damaging agents and Parp1−/− cells display increased spontaneous genomic instability as measured by the frequency of sister chromatid exchanges, chromosome aberrations, and micronuclei formation, which confirmed that PARP1 functions as a general caretaker of the genome [157]. In support of the view that PARP1 counteracts the aging process is the finding that Parp1−/− mice age is moderately faster compared to wild-type control animals [158]. Moreover, this and various other studies supported the notion that PARP1 acts as a tumor-suppressor gene, since PARP1 deficiency enhances carcinogenesis during aging and upon induction by DNA damaging agents [143, 158–161]. Consistently, data from human studies showed that a hypomorphic PARP1 polymorphism (V762A) serves as a risk factor in the development of some types of human cancers [162–166].
In conclusion, PARP1 participates in various genome maintenance mechanisms, such as chromatin remodeling, DNA repair, reactivation of stalled replication forks, telomere maintenance, and cell cycle control. Consistent with its role as a general caretaker of the genome, there is strong evidence from in vivo studies indicating that PARP1 indeed functions as a longevity assurance factor. On the other hand, the interaction of PARP1 with key regulators of immune function, such as NF-κB, and its potential to induce cell death may contribute to aging-promoting mechanisms as discussed in the following sections.
4. PARP1 in Inflammation and Cell Death
First, evidence that PARP1 contributes to inflammation and the development of related pathologies was revealed by genetic studies in Parp1−/− mice, because these animals are protected from several inflammation and cell death-associated pathologies such as ischemic infarction, collagen-induced arthritis, and LPS-induced septic shock [157, 167]. Moreover, Parp1−/− animals are resistant to MPTP-induced Parkinson’s disease and streptozotocin-induced diabetes mellitus [168–171]. The molecular and cellular mechanisms underlying these phenotypic results and their possible implications in mechanisms of aging and longevity are discussed below.
4.1. PARP1, NF-
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B, and Inflammation
Various studies demonstrated that PARP1 participates in the regulation of transcriptional processes, either via general chromatin remodeling or through specific interaction and regulation of a wide range of transcription factors [171, 172].
Maybe the best studied interaction is that of PARP1 with NF-κB. The transcription factor NF-κB is considered a master regulator in controlling gene expression upon proinflammatory stimuli. NF-κB is composed of dimeric combinations of Rel family members with the major subunits p65 and p50. In nonstimulated cells, NF-κB is located in the cytoplasm via the binding to the inhibitory IκB proteins. Upon proinflammatory stimuli, IκB proteins are phosphorylated by IκB kinases (IKKs), which cause their degradation by the ubiquitin/proteasome system. Subsequently, NF-κB is translocated to the nucleus, where it can activate the transcription of a number of genes, especially inflammatory genes [173]. Apart from the regulation of NF-κB by its subcellular localization, its action is tightly regulated within the nucleus by posttranslational modifications and interaction with transcriptional cofactors. Importantly, NF-κB-dependent gene expression is associated with aging in the mouse as well as in humans [174]. Recently, it was shown that hyperactive NF-κB signaling contributes to premature aging in the mouse [175], and blocking of NF-κB in aged mice was sufficient to reverse some features of skin aging [174, 176]. In accordance with these studies, pharmacological inhibition of NF-κB prolongs lifespan of Drosophila melanogaster by ~15% [177]. Cellular studies showed that NF-κB-dependent gene transcription can be induced by genotoxic stress and gene transcription studies in conditionally immortalized human fibroblast suggested that NF-κB signaling plays a causal role in the development of senescence [178]. In addition, NF-κB signaling was implicated in maintaining cellular senescence, because NF-κB-deficient fibroblasts escape senescence earlier and immortalize at a faster rate [179]. On the other hand, NF-κB-dependent gene transcription can be induced by genotoxic stress and is required for the transcription of many SASP factors [5]. In summary, there is substantial evidence that NF-κB plays a crucial role in aging and age-related diseases [180].
The expression and activation patterns of PARP1 and NF-κB are remarkably similar in various tissues. A direct role of PARP1 in NF-κB-mediated transcription was emphasized by the finding that expression of NF-κB-dependent proinflammatory mediators, such as TNFα, IL6, or iNOS, is impaired in Parp1−/− mice [167, 181]. PARP1 physically interacts with both major subunits of NF-κB, that is, p65 and p50, and is required for NF-κB-dependent gene transcription (Figure 4) [182]. Moreover, PARP1 is acetylated by the histone acetylase p300/CBP upon inflammatory stimuli, leading to a stronger association with NF-κB [39]. Subsequent expression of proinflammatory mediators such as iNOS leads to the production of highly reactive chemical species that, in turn, cause extensive DNA damage in the target cell, potentially supporting a positive feedback mechanism. Importantly, in this study neither the DNA binding nor the enzymatic activity of PARP1 was necessary for direct transcriptional activation of NF-κB [183]. On the other hand, inhibition of PARP’s enzymatic activity is sufficient to decrease the expression of iNOS, IL6, and TNFα in cultured cells and to reduce the expression of inflammatory mediators in mice [184]. This is consistent with a recent study demonstrating that the PARP1-dependent activation of NF-κB occurs at two levels (Figure 4). Thus, in addition to the nuclear coactivator function of PARP1 on NF-κB activity, this study identified PARP1 as a trigger for the translocation of NF-κB from the cytoplasm into the nucleus upon genotoxic stress (Figure 4) [185]. According to this model, PARP1 is recruited to DNA strand breaks and is automodified with PAR. Upon dissociation into the nucleoplasm, PARP1 then rapidly forms a signalosome composed of the SUMO1 ligase PIASy, IKKγ (NEMO), and ATM. The signalosome is stabilized by a network of direct protein-protein interactions as well as by PAR binding of PIASy and ATM through PAR binding motifs. PAR degradation by PARG causes subsequent destabilization of the signalosome, resulting in IKKγ SUMOylation, translocation to the cytoplasm, phosphorylation of IκB proteins, and NF-kB activation. This mechanism directly links the DNA-damage-signaling functions of PARP1 to its role in inflammation-related mechanisms. Interestingly, PARP1-NF-κB signaling seems also to contribute to the activation and maintenance of the secretory phenotype of senescent cells [186]. In consequence, the associated secretion of proinflammatory factors possibly changes the tissue microenvironment and forms a site of low-level chronic inflammation with tumor and aging-promoting properties.


	
	
	
	
	































	
	
	
	
	











	
	
	
	
	




	
	
	
	
	
















	
	
	
	
	




	
	
	
	
	

































	
	
	
	
	




	
	
	
	
	




	
	
	
	
	




	
	
	
	
	




	
	
	
	
	





	
	
	
	
	








	
	
	
	
	
















	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
				
					
				
					
				
			
		
	


	
		
			
				
					
				
					
				
			
		
	


	
		
			
				
				
					
				
			
		
	



	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
	
	
		
	


	
		
		
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 4: Simplified model of PARP1-dependent mechanisms of NF-κB activation. For details see text. Scheme based on [167, 185].


4.2. PARP1 and Its Role in Cell Death
Historically, two major mechanisms of mammalian cell death are distinguished, that is, apoptosis and necrosis. Apoptosis is considered as the default pathway, where cell death occurs in a controlled manner resulting in the elimination of cells by macrophages without secondary damage of the surrounding cells. In contrast, necrosis is considered an uncontrolled process which leads to disruption of cells promoting tissue inflammation [187]. Several transition states between the two pathways exist such as apoptosis inducing factor-(AIF-) dependent cell death [188]. Cell death is an important factor contributing to organismic aging, because apoptosis can lead to depletion of the regenerative cell pool and necrosis can cause chronic inflammatory conditions. PARP1 is involved in necrosis as well as in apoptosis, depending on the cell type and the intensity of DNA damage. Excessive DNA damage, as it can be triggered by pathophysiological stimuli and during NF-κB-dependent inflammatory responses, leads to an overactivation of PARP1, which induces the depletion of cellular NAD+ pools and subsequently of ATP pools [189]. This could affect energy-dependent cellular functions resulting in necrosis, which in turn reinforce tissue inflammation leading to a vicious cycle of PARP1 activation, necrosis, and inflammation. The role of PARP1 in apoptosis is manifold depending on the cell cycle state. Two major types of apoptosis exist: caspase-dependent and caspase-independent apoptosis. On the one hand, in proliferating cells, PARP1 contributes to classical caspase-dependent apoptosis through its regulatory activity on P53. Here, after an initial synthesis of PAR, PARP1 is cleaved by caspases 3 and 7 in a 24 kD and an 89 kD fragment [190]. This occurs potentially to inactivate PARP1 and to preserve cellular ATP pools for the apoptosis program [191–193]. On the other hand, it was shown that PARP1 contributes to caspase-independent apoptosis by releasing AIF from the mitochondria [194, 195]. PAR itself acts as a signaling molecule between nucleus and mitochondria, where it binds to AIF in a non-covalent manner and then triggers its release. AIF then translocates to the nucleus, where it causes chromatin condensation, large-scale DNA fragmentation, and finally cell death [196–198].
In conclusion, three interconnected cellular mechanisms have been proposed to be responsible for the involvement of PARP1 in cell death and inflammation-related, age-related pathologies. First, PARP1 overactivation by severe DNA damage upon an initial pathological insult can lead to NAD+ and subsequent ATP depletion causing necrotic cell death due to energy depletion [189]. Second, such an initial pathological insult or secondary necrotic disruption of cells can trigger an inflammatory response leading to further damage of the surrounding tissue. This process can be stimulated by the action of PARP1 as an essential transcriptional coactivator of the proinflammatory transcription factor NF-κB. Products of NF-κB regulated genes, for example, iNOS, participate in the production of ROS and RNS, which could support the aforementioned vicious cycle of DNA damage, subsequent PARP1 activation, and cell death potentiating inflammation and tissue damage. Third, the PAR-dependent release of apoptosis-inducing factor (AIF) from the mitochondria resulting in caspase-independent apoptosis may contribute to some extent to PARP1-dependent pathologies in particular neurodegenerative disorders [194, 197, 198]. Over time, these mechanisms can contribute to aging and the development of age-related pathological conditions.
4.3. PARP1 as an Aging-Promoting Factor
Evidence supporting a role of PARP1 as a driving force of inflammation on an organismic level is given by the fact that Parp1−/− mice are protected from several inflammation- and cell-death-associated diseases and that Parp1−/− mice and cells display lower expression levels of a whole spectrum of proinflammatory cytokines, adhesion molecules, and enzymes [167]. Consequently, given the role of inflammation during mammalian aging, PARP1 was postulated to act as an aging-promoting factor [199]. In line with this concept, PARP inhibition or ablation of gene transcription has beneficial effects on several age-related diseases, including aging-associated cardiac and vascular dysfunctions [184, 200, 201]. Apart from its functions as a regulator of NF-κB-dependent gene transcription, PARP1 competes with the family of type III histone deacetylases of sirtuins (i.e., in humans and mice SIRT1-7) for the same substrate, that is, NAD+. In addition, PARP1 and SIRT1 interact physically and show an antagonistic interplay on a functional level [71, 202]. Sirtuins regulate the energy homeostasis by controlling the acetylation status and activity of various enzymes and transcriptional regulators and have been identified to act as longevity factors in various species [203]. Moreover, consumption of NAD+ links PARP1 and sirtuins to energy metabolism, which plays a fundamental role in aging mechanisms. In vivo studies showed that SIRT1-overexpressing mice are leaner, metabolically more active, show improved glucose tolerance, exhibit less inflammation, and are resistant to intestinal cancer development [204–208]. Parp1−/− mice exhibit increased NAD+ content and enhanced SIRT1 activity in brown adipose and muscle tissue. Consequently, Parp1−/− mice phenocopy many aspects of SIRT1 activation, such as a higher mitochondrial content, increased energy expenditure, reduced body weight, and protection against metabolic disease [209].
Conversely, this phenotype is mirrored by the phenotype of mice with ectopic expression of hPARP1 [210]. These mice develop sporadic obesity and show impaired glucose tolerance. Furthermore, hPARP1-expressing mice exhibit impaired survival rates, which are accompanied by premature development of several inflammation and age-associated pathologies, such as nephropathy, dermatitis, pneumonitis, myocardiopathy, and hepatitis. In support of this hypothesis, hPARP1 mice develop normocytic, normochromic anemia and show an increase in the fraction of circulating monocytes, which is suggestive of anemia of chronic inflammatory disease [211, 212]. Moreover, hPARP1 mice show typical signs of premature aging, such as early development of kyphosis and impaired hair regrowth. In addition to a potentially altered interplay between PARP1 and sirtuins in these mice, the pathological phenotype of hPARP1 mice might be related to an altered PARP1-NF-κB interaction leading to a continuous low-level increase in pro-inflammatory stimuli. Consistently, expression of NF-κB-dependent target genes, such as TNFα, IL1, and IL6, is dysregulated in hPARP1 animals. This may contribute to the premature development of typical age-related chronic diseases in these mice [210].
5. Summary
Aging is a complex process which cannot be explained by a single pathway or even a set of closely related pathways. More likely, many diverse cellular functions will contribute to aging and they will do so in a highly interdependent manner [53]. As summarized here, this complexity is already represented at the level a single enzyme, that is, PARP1. PARP1 is a factor that connects DNA damage response and inflammatory mechanisms, both of which are closely associated with mammalian aging. Thus, under physiological conditions and mild genotoxic stress, PARP1 is thought to play an important role in genomic maintenance (Figure 5). On the other hand, under pathophysiological conditions, reactive chemical species are generated by activated immune cells potentially inducing DNA damage in an autocrine and paracrine fashion. If exceeding a threshold, DNA damage and the subsequent signaling can force cells into senescence. Senescent cells, in turn, possess the potential to secrete proinflammatory cytokines thereby reinforcing tissue inflammation. PARP1 is involved in these processes due to its close interplay with NF-κB at different stages during NF-κB activation. In addition, severe DNA damage can trigger overactivation of PARP1 resulting in cell death by apoptosis or necrosis (Figure 5). Debris of necrotic cells is phagocytosed by macrophages, thereby triggering a proinflammatory response, again inducing the generation of reactive chemical species. Interestingly, there is some evidence that chronic intestinal inflammation can induce systemic genotoxicity, for example, in leukocytes and hepatocytes, suggesting that local sites of inflammation can affect genomic stability and homeostasis even at an organismic level [213]. Over time, inflammation, senescence, and cell death contribute to the depletion of the regenerative cell pool and tissue dysfunction accumulating in the aging process.



	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	
	
	
	




	
	
	
	
	
	
	
	
	
	
	





	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	






	
	
	
	
	
	
	


	
		
		
			
		
	


	
		
			
			
				
			
		
	


	
		
			
			
				
			
		
	


	
		
			
			
				
			
		
	



	
		
		
			
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	



	
		
		
			
		
	





	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
		
		
		
		
		
		
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
			
			
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	

Figure 5: PARP1-related mechanisms in longevity and aging. For details see text.


There is ample evidence supporting a role of PARP1 as a longevity assurance factor on the one hand, but also as an aging-promoting factor on the other hand.The dual role of PARP1 in longevity and aging might be reflected in the moderate premature aging phenotype observed in cohorts of Parp1−/− mice [158]. Thus, it is reasonable to assume that overall aging in these mice is kept nearly in balance, due to comprised genomic integrity on the one hand, but reduced inflammatory status on the other hand. The generation of Parp1−/− mice with tissue specific reconstitution of PARP1 expression may be a suitable model to test such a hypothesis. Tissue-specific reexpression of PARP1 in cells of the innate immune system on an otherwise Parp1−/− background may lead to a more drastic accelerated aging phenotype, since PARP1-overexpressing cells of the innate immune system are expected to exhibit an enhanced inflammatory status, while cells of the remaining Parp1−/− tissues are genomically unstable. Another possibility explaining the moderate premature aging phenotype of Parp1−/− mice may be that alternative mechanisms are able to compensate for the PARP1 deficiency. Such potential backup mechanisms rely most likely on PARP2 which shares some redundancy to PARP1, as it is evident by the finding that Parp1/Parp2 double-deficient mice are not viable. The generation of conditional and inducible double-knockout mice may help to test this hypothesis.
Many theories of aging exist. Most of these are not mutually exclusive and although none of these is probably able to explain all characteristics of human aging, in all probability there is some truth in many of them. The “antagonistic pleitropy” theory of aging postulates the existence of pleiotropic genes and mechanisms having opposite effects on fitness at different stages of age. Thus, a gene or mechanism may be beneficial for survival in early life, when natural selection is strong, but harmful at later ages, when selection is weak or absent [214]. Mechanisms of DNA damage response as well as inflammation may support such a theory. DNA damage response, with its final end points, DNA repair, senescence, and apoptosis, is clearly beneficial at young age, as these mechanisms prevent cancer development. However, at older age, this may become detrimental, as depletion of the regenerative cell pool by senescence or apoptosis may contribute to tissue degeneration and aging. The same holds true for inflammation. At young age, inflammatory responses most likely fulfill beneficial functions, for example, acting as a first line defense against infections. (N.B. This is supported by the finding that some mouse models with deficiencies in NF-κB signaling are hypersensitive to infectious diseases [215]). However, at older age, continuous pressure on the immune system caused by repeated antigen stimulation leads to remodeling of the immune system with pro-inflammatory properties reinforcing the aging process and the development of age-related disease. Because PARP1 fulfills key roles in mechanisms of DNA damage response and inflammation, it is conceivable that functions of this gene act in some aspects in an antagonistic pleiotropic way, with beneficial functions in the youth and detrimental functions at old age.
In conclusion, PARP1 and the synthesis of poly(ADP-ribose) are emerging as central factors in general cellular stress response with functions in a plethora of molecular mechanisms, such as chromatin remodeling, transcription, DNA damage signaling, DNA repair, cell cycle regulation, cell death, and inflammation. As reviewed here, there is ample evidence that PARP1 fulfills numerous direct as well as indirect roles in mechanisms of aging and longevity which renders it an interesting factor to study in order to better define mechanisms of the aging process.
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