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uPAR Urokinase receptor, 
VEGF Vascular endothelial growth factor  
VHL Von Hippel-Lindau 
VSMC  Vascular smooth muscle cells 
WIP1 Wild-type p53-induced phosphatase gene 
XRCC1 X-ray repair cross-complementing protein 1 
YB-1 Y box binding protein 1 
YY1 Ying yang 1 
ZFP36L1 ZFP36 Ring Finger Protein Like 1 
ZnI, -II, -III Zinc fingerI, -II, -III 
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Foreword 
Cellular senescence is a cell fate triggered in response to a variety of non-lethal stressors 

acting as a safeguard of damaged or dysfunctional cells and playing important roles in 

aging, health, and disease.  Senescent cells are characterized by their stable cell cycle 

arrest and important changes in chromatin architecture and gene expression, become 

resistant to cell death and secrete a bevy of inflammatory chemokines/cytokines and 

matrix remodeling metalloproteases, the so-called senescence-associate secretory 

phenotype (SASP).  In line with its prominent role in aging and age-related diseases, 

elimination of senescent cells holds excellent therapeutic promise; however, a 

comprehensive understanding of the genetic and epigenetic mechanisms, which underlie 

the induction and maintenance of senescence, is still fragmentary and thus, prevents a 

deliberate manipulation of this cell fate. 

 PARP1 (Poly (ADP-ribose) polymerase 1), also referred to as ADP-

ribosyltransferase Diphtheria toxin-like 1 (ARTD1), is an abundant nuclear protein, that 

catalyzes the transfer of ADP-ribose (ADPr) from NAD+ onto target proteins, a process 

that is referred to as ADP-ribosylation. Historically the prime PARP1 function was 

associated with DNA damage repair; however, we know now that it is also implicated in 

many other nuclear processes, markedly in the transcriptional regulation of inflammatory 

genes, although many details are still missing.  

 Given its role in the transcriptional regulation of inflammatory genes, and chromatin 

structure we hypothesized that PARP1 plays a role in the regulation of the senescence 

gene expression program. To characterize the gene-regulatory role of PARP1 in the 

execution and maintenance of senescence we combined reverse genetics and 

pharmacological inhibitors with transcriptome, chromatin accessibility (ATAC-seq), 

genome-wide PARP1 (PARP1 ChIP-seq), and ADP-ribosylated chromatin profiling using 

a novel technique termed CRAP-seq (Chromatin-ribosylation affinity pull-down 

sequencing).  

 We discovered a novel and unexpected enzymatic and non-enzymatic function of 

PARP1 in senescence-associated gene regulation.  Specifically, we unraveled that the 
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enzymatic function of PARP1-mediated ADP-ribosylation of chromatin was significantly 

enriched at enhancers of lowly expressed genes to fine-tune their transcription.  PARP1’s 

non-enzymatic function was particularly crucial at promoters, where it acts to maintain a 

stable and specific positioning to control transcription.  Finally, we provided evidence that 

PARP inhibitors may be potent cell-death inducing agents of senescent cells by 

modulating the expression of apoptotic genes. 

 In conclusion, we uncovered novel gene-regulatory mechanisms of PARP1 

function, thus expanding our understanding of how senescence is regulated 

epigenetically. Our long-term goal is to explore PARP1 inhibition as a therapeutic modality 

to manipulate the senescence phenotype.  
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Resumé en français  
La sénescence cellulaire est un destin cellulaire déclenché en réponse à une variété de 
facteurs de stress non létaux agissant comme une sauvegarde des cellules 
endommagées ou dysfonctionnelles et jouant un rôle important dans le vieillissement, la 
santé et la maladie. Les cellules sénescentes se caractérisent par leur arrêt stable du 
cycle cellulaire et des changements importants dans l'architecture de la chromatine et 
l'expression des gènes, deviennent résistantes à la mort cellulaire et sécrètent une série 
de chimiokines/cytokines inflammatoires et de métalloprotéases remodelantes de la 
matrice, le phénotype dit de Senescence-associated secretory phenotype (SASP). 
Conformément à son rôle prépondérant dans le vieillissement et les maladies liées à 
l'âge, l'élimination des cellules sénescentes est très prometteuse sur le plan 
thérapeutique; cependant, une compréhension approfondie des mécanismes génétiques 
et épigénétiques qui sous-tendent l'induction et le maintien de la sénescence est encore 
fragmentaire et empêche donc une manipulation délibérée de ce destin cellulaire. 
 PARP1 (poly(ADP-ribose) plymerase 1), aussi appelée ADP-ribosyltransferase 
Diphtheria toxin-like 1 (ARTD1), est une protéine nucléaire abondante qui catalyse le 
transfert de l'ADP-ribose (ADPr) du NAD+ aux protéines cibles, un processus qui est 
appelé ADP-ribosylation. Historiquement, la principale fonction PARP1 était associée à 
la réparation des dommages à l'ADN ; cependant, nous savons maintenant qu'elle est 
également impliquée dans de nombreux autres processus nucléaires, notamment dans 
la régulation transcriptionnelle des gènes inflammatoires. Le PARP1 est connu pour 
manipuler la structure de la chromatine, la cinétique de transcription et modifier les 
éléments régulateurs des gènes.  
 

Ma thèse de doctorat vise à combler ces lacunes critiques dans nos 
connaissances en caractérisant le rôle régulateur des gènes du PARP1 dans l'exécution 
et le maintien de la sénescence en combinant la génétique inverse et les inhibiteurs 
pharmacologiques avec le transcriptome, l'accessibilité de la chromatine (ATAC-seq), le 
PARP1 du génome (par ChIP-seq) et la chromatine ribosylée (ADP-seq) en utilisant une 
nouvelle technique appelée CRAP-seq. Plus précisément, je l'ai demandé en mariage : 
Objectif 1 : Délimiter les contributions individuelles de la liaison chromatine PARP1 et de 
l'activité enzymatique dans la régulation de l'expression des gènes de sénescence.    
Objectif 2 : Déterminer l'impact de la liaison de la chromatine PARP1 et de la ribosylation 
des protéines associées à la chromatine par ADP sur le paysage épigénétique et les 
changements structurels qui surviennent pendant la sénescence.  
Objectif 3 : Établir les partenaires fonctionnels par lesquels les fonctions de liaison et 
enzymatiques PARP1 régulent le programme d'expression des gènes de sénescence.  
Objectif 4 : Évaluer le potentiel des inhibiteurs PARP1 en tant que médicaments 
éliminant la sénescence (sélonlytiques) et un nouveau paradigme thérapeutique pour les 
inhibiteurs PARP dans le traitement du cancer.  
  
 Étant donné son rôle dans la régulation transcriptionnelle des gènes 
inflammatoires et de la structure de la chromatine, nous avons émis l'hypothèse que le 
PARP1 joue un rôle dans la régulation du programme d'expression des gènes de 
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sénescence. Pour caractériser le rôle régulateur des gènes du PARP1 dans l'exécution 
et le maintien de la sénescence, nous avons combiné la génétique inverse et les 
inhibiteurs pharmacologiques avec le transcriptome, l'accessibilité de la chromatine 
(ATAC-seq), la PARP1-seq (PARP1 ChIP-seq) et le profilage de la chromatine ADP-
ribosylée en utilisant une nouvelle technique appelée CRAP-seq (Chromatin-ribosylation 
affinity pull-down sequence).  
 

Nos résultats montrent que le PARP1 joue un rôle de régulateur mondial dans le 
programme d'expression des gènes de sénescence plutôt que de contribuer 
spécifiquement à la régulation de l'expression des gènes dépendants de l'ONF, un 
processus auquel le PARP1 a toujours été étroitement associé (Hassa et Hottiger, 1999; 
Hassa et al., 2003 ; Martínez-Zamudio, 2012). De plus, nous démontrons que les activités 
de liaison à la chromatine PARP1 et les activités catalytiques jouent des rôles largement 
distincts dans la régulation des gènes. L'activité enzymatique du PARP1 augmente de 
façon spectaculaire pendant le RAS-OIS, ce qui entraîne une importante ribosylation de 
l'ADP, en particulier des activateurs actifs qui favorisent l'expression des gènes 
faiblement exprimés. En particulier, la ribosylation par ADP d'activateurs actifs a entraîné 
à la fois des gains et des pertes dans l'accessibilité de la chromatine. Nous suggérons 
un modèle par lequel la ribosylation de l'ADP aux activateurs actifs des gènes faiblement 
exprimés améliore l'accessibilité à la chromatine et l'expression des gènes par le 
recrutement de TF en fonction du contexte ainsi que la répulsion électrostatique des 
protéines associées à la chromatine par la charge négative des chaînes ADPr. 
 Outre ce rôle enzymatique, le PARP1 joue un rôle structurel plus chromatinisé. En 
effet, nos données indiquent que PARP1 stabilise le positionnement des nucléosomes 
spécifiquement aux nucléosomes -1 et +1 des TSS pour un sous-ensemble de gènes 
associés à la sénescence. Ainsi, nous avons découvert que le PARP1 module le 
programme de transcription RAS-OIS d'une manière dichotomique nouvelle et sous-
estimée.  
 
PARP1 est activé enzymatiquement pendant l'OIS 
En exploitant notre nouvelle approche CRAP, nous avons mis en évidence une forte 
augmentation globale de la ribosylation de l'ADP dans le RAS-OIS par rapport aux 
cellules proliférantes, qui était principalement liée à la modification automatique du 
PARP1 et à la ribosylation des histones par l'ADP et pouvait être réduite par des 
inhibiteurs du PARP1. Ces résultats soulignent que la PARP1 est la principale ADP-poly-
ribosylase responsable de la ribosylation ADP des protéines cibles dans RAS-OIS. 
 Comment l'activité PARP1 est-elle induite dans RAS-OIS? Le PARP1 et son 
activité enzymatique jouent un rôle important dans le contexte de la détection et de la 
réparation des dommages à l'ADN, et c'est un mécanisme possible par lequel les niveaux 
de ribosylation de l'ADP augmentent pendant RAS-OIS parce qu'un fort DDR 
accompagne RAS-OIS (Gorgoulis et Halazonetis, 2010). En plus de l'activation par 
liaison à l'ADN, le PARP1 peut être activé par SET 7/9 sur les sites de dommages à 
l'ADN.  
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 Par ailleurs, l'activité catalytique du PARP1 peut augmenter pendant la 
sénescence grâce à un mécanisme indépendant des dommages causés par l'ADN. Par 
exemple, l'activité catalytique du PARP1 est induite par acétylation par le CBP/p300 ou 
par sumoylation par PIASy, phosphorylation des kinases, interactions directes avec les 
histones et facteurs de transcription (comme décrit dans la section 1.11) (Hassa et al., 
2005 ; Kolthur-Seetharam et al., 2006 ; Martin et al., 2009).  
 
Des activités distinctes de liaison catalytique et de liaison à la chromatine PARP1 
contrôlent le programme d'expression génique RAS-OIS. 
Une étude précédente a identifié le PARP1 comme un facteur critique de la 
réglementation du SASP en induisant l'activité transcriptionnelle de l'ONF (Ohanna et al., 
2011a). Cependant, les mécanismes précis qui sous-tendent cette activation sont encore 
inconnus. Pour commencer à disséquer le rôle régulateur du gène du PARP1 pendant la 
sénescence, nous avons d'abord effectué une analyse du transcriptome à résolution 
temporelle sur des cellules subissant un RAS-OIS après inhibition enzymatique du 
PARP1 et épuisement du PARP1. Bien que nous ayons observé des effets sur 
l'expression du gène SASP, notre analyse du transcriptome a révélé un rôle beaucoup 
plus large de l'activité catalytique PARP1 dans la régulation du programme d'expression 
du gène de sénescence (Figure 3C). Fait remarquable, nous avons constaté que 
l'inhibition enzymatique et l'appauvrissement du PARP1 avaient un impact différentiel sur 
le programme d'expression du gène RAS-OIS et qu'il n'y avait qu'un faible 
chevauchement des gènes affectés par les deux traitements. 

L'inhibition de la ribosylation de l'ADP a entraîné des changements dans 
l'expression des gènes liés à l'ONF, l'inflammation, l'ARN, le métabolisme des protéines 
et des acides nucléiques, la signalisation de la croissance ainsi que l'apoptose. 
L'épuisement de la protéine PARP1 a conduit à la dysrégulation des gènes impliqués 
dans la réparation des dommages à l'ADN, au cytosquelette, au métabolisme des 
protéines, ainsi qu'à la signalisation de la croissance. Les ensembles de gènes qui se 
chevauchent sont liés au métabolisme des acides nucléiques, à la réplication de l'ADN et 
à la croissance. Nos résultats suggèrent que le PARP1 joue un rôle beaucoup plus global 
dans la régulation de l'expression des gènes pendant l'OIS par des mécanismes 
catalytiques et catalytiques distincts et indépendants. En effet, le PARP1 est 
fonctionnellement lié à un certain nombre de fonctions biologiques par la régulation 
transcriptionnelle dans d'autres contextes cellulaires, y compris la régulation de 
l'inflammation, la différenciation, la croissance, le métabolisme et les gènes du rythme 
circadien (Kraus et Lis, 2003).  

Cartographie de la ribosylation de l'ADP à l'échelle du génome 
Un obstacle majeur dans l'étude de la PARP1 et de la ribosylation ADP a été la génération 
de profils génomiques de haute qualité en raison de l'absence d'anticorps spécifiques de 
qualité ChIP-seq contre PARP1 et ADPr. Par conséquent, d'autres méthodes ont été 
explorées pour cartographier les protéines ADP-ribosylées le long du génome. Par 
exemple, le laboratoire Hottiger a mis au point une technique de précipitation par affinité 
chromatino-affinité (ChAP) qui s'appuie sur l'affinité du domaine RNF146 WWE pour le 
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poly-ADPr (Bartolomei et al., 2016). La deuxième technique mise au point pour identifier 
les protéines ADP-ribosylées provient du laboratoire Kraus et utilise une protéine PARP 
mutée avec un analogue NAD+ compatible chimiquement (8-Bu(3-yne)T-NAD+) (Gibson 
et al., 2016). L'utilisation du 8-Bu(3-yne)T-NAD+ a nécessité le développement des 
PARPs 1, 2 et 3 mutants qui peuvent utiliser l'analogue NAD+ comme substrat. Les deux 
méthodologies ont leurs propres limites et, par conséquent, nous avons développé notre 
propre méthodologie pour cartographier le génome de la ribosylation ADP à l'échelle du 
génome, que nous avons appelé CRAP-seq pour "Chromatin-Ribosylation-Affinity-
Purification Sequencing". Nous avons largement validé la technique, mais nous sommes 
conscients de ses inconvénients: le NAD+ biotinylé ajouté de façon exogène peut varier 
des niveaux in vivo et les cellules sont perméabilisées par des détergents, et la longueur 
des chaînes ADPr est inconnue.  

L'activité catalytique du PARP1 est localisée aux activateurs actifs des gènes 
faiblement exprimés. 
En utilisant CRAP-seq, nous avons cartographié le génome de la ribosylation de l'ADP à 
l'échelle du génome et évalué les états chromatiniques avec lesquels la ribosylation de 
l'ADP coïncidait. Nous avons constaté que la ribosylation d'ADP était la plus enrichie en 
stimulateurs actifs. Nous voulions ensuite comprendre comment l'ADP-ribosylation chez 
les améliorateurs était liée aux résultats transcriptionnels. Au cours de l'analyse du 
transcriptome, nous avons révélé que l'inhibition de PARP1 avait un effet plus prononcé 
sur les gènes faiblement exprimés régulés de façon différentielle pendant l'OIS. Cela 
nous a incités à déterminer les niveaux d'ADP-ribosylation des activateurs actifs des 
gènes dans les trois quantiles d'expression : faible, moyen et élevé. Nous avons observé 
que l'accumulation la plus élevée de ribosylation de l'ADP pendant l'OIS se situait au 
niveau des activateurs actifs associés à des gènes faiblement exprimés et associés à la 
sénescence. Afin d'évaluer la fonctionnalité de ces améliorateurs ribosylés par ADP en 
ce qui concerne le traitement par PJ34, nous avons observé que les gènes sensibles au 
traitement par PJ34 accumulaient les taux les plus élevés d'ADPr à leurs améliorateurs 
actifs respectifs. Il est intéressant de noter que cela comprenait des gènes qui étaient 
stables pendant l'induction du SRA, mais dont l'expression avait changé après le 
traitement par PJ34, ce qui avait également une corrélation avec l'accumulation de la 
ribosylation ADP. Ceci soutient que la ribosylation ADP est impliquée dans l'expression 
basale de ces gènes pendant RAS-OIS, ce qui n'a pu être observé que pendant le 
traitement par PJ34. Ensemble, ces données indiquent un mécanisme de régulation par 
lequel l'ADP-ribosylation ajuste finement l'expression des gènes à l'aide d'activateurs 
actifs spécifiques des gènes faiblement exprimés.  
 
L'activité catalytique du PARP1 influence l'accessibilité de la chromatine chez les 
promoteurs actifs des gènes associés à la sénescence par un mécanisme 
dépendant du contexte. 
Pour comprendre les mécanismes par lesquels la ribosylation de l'ADP chez les 
améliorateurs règle finement la transcription des gènes faiblement exprimés, nous avons 
évalué comment l'activité enzymatique PARP1 affecte l'accessibilité de la chromatine. 
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Nous avons vu que les activateurs actifs, qui perdent leur accessibilité pendant RAS-OIS, 
sont corrélés à l'accumulation d'ADP-ribosylation, alors que l'accumulation d'ADP-
ribosylation n'a pas conduit à une augmentation évidente de l'accessibilité 
chromatinienne pendant OIS. En réponse au traitement par PJ34, ces améliorateurs ont 
augmenté et diminué l'accessibilité de la chromatine en fonction de l'augmentation des 
niveaux de ribosylation de l'ADP. Ces données suggèrent que la ribosylation de l'ADP 
fonctionne à la fois dans le maintien de la chromatine ouverte et dans la restriction de 
l'accessibilité de la chromatine des activateurs pendant l'OIS. Cependant, le mécanisme 
par lequel cette fonction dualiste est exercée n'est pas clair à l'heure actuelle.  
 Des études antérieures ont montré que l'activité catalytique du PARP1 a un impact 
sur la structure et l'accessibilité de la chromatine par l'isolation chromatinique, l'histone-
ADP-ribosylation et la modification des facteurs de transcription (Krishnakumar et Kraus, 
2010b).  

Nous émettons en outre l'hypothèse que l'activité enzymatique du PARP1 agit en 
recrutant des facteurs de transcription pour renforcer activement les gènes faiblement 
exprimés pendant l'OIS, rendant ainsi la chromatine moins accessible. La ribosylation 
ADP est une modification post-traductionnelle importante (PTM) de la fonction du facteur 
de transcription dans les contextes d'activation et de répression de la chromatine (Gibson 
et Kraus, 2012; Kraus et Lis, 2003 ; Ryu et al., 2015). La ribosylation par ADP peut faciliter 
la spécificité locale de la liaison TF (Olabisi et al., 2008).  

Compte tenu des connaissances actuelles sur la ribosylation de l'ADP décrites ci-
dessus et de nos résultats démontrant son rôle dualiste dans les changements de 
l'accessibilité de la chromatine pendant la RAS- OIS, nous proposons que la PARP1 et 
la ribosylation de l'ADP soient présentes chez les promoteurs actifs de gènes peu 
exprimés pour recruter et modifier les facteurs de transcription et autres facteurs 
chromatins rendant la chromatine moins accessible. De plus, la ribosylation de l'ADP 
maintient physiquement la chromatine ouverte par perturbation électrostatique des 
nucléosomes. La combinaison et l'équilibre de ces forces antagonistes contribuent à 
affiner l'accessibilité de la chromatine et à la transcription subséquente de gènes 
faiblement exprimés et associés à la sénescence.  

 
ADP-ribosylation co-localise avec les TFs chez les enhancers pendant l'OIS 
Nous avons trouvé que NR2F, RARB, FOXD3, TBX1, NR2F1,TCF3:TFC4, 
DDIT3:CEBPA, PAX5, SREBF1/2 et SMAD2:3:4 rehausseurs enrichis pour ribosylation 
ADP. Des recherches antérieures ont établi un lien entre SMAD 2:3:4, RARB et FOXD3, 
PARP1 et ADP-ribosylation (Izhar et al., 2015 ; Lönn et al., 2010 ; Zhao et al., 2018). La 
ribosylation par ADP des SMAD TFs diminue l'affinité pour les gènes induits par le TGF- 
(Lönn et al., 2010). FOXD3 interagit avec le PARP1 pendant un neuroblastome pour 
perturber la ribosylation de l'ADP de la CTCF, ce qui entraîne une régulation à la hausse 
de l'expression des gènes promoteurs de tumeurs (Zhao et al., 2018). Il serait utile 
d'explorer plus avant la fonction contextuelle de ces TF pendant RAS-OIS et la façon dont 
la ribosylation TF-ADP régule l'expression génétique pendant OIS. 
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PARP1 se lie globalement sur l'ensemble du génome, mais exerce un rôle 
régulateur au niveau du TSS en maintenant un positionnement stable des 
nucléosomes au niveau des TSS grâce à son activité de liaison à la chromatine. 
Nous avons optimisé PARP1-seq pour cartographier fidèlement PARP1 au génome. 
Nous avons détecté une liaison globale avec enrichissement au TSS des promoteurs et 
les études de déplétion du PARP1 ont révélé que le PARP1 est préférentiellement perdu 
à ces sites avec une perte plus modérée sur l'ensemble du génome. Ces données 
suggèrent qu'il existe une différence de rôle réglementaire entre la liaison PARP1 
mondiale et sa présence dans les TSS. Lors de l'évaluation de la liaison PARP1 au TSS, 
nous avons trouvé des signaux plus élevés au niveau des gènes, qui étaient 
transcriptionnellement sensibles au silence PARP1 ou à l'inhibition PARP1. Il est 
intéressant de noter que le schéma de liaison du PARP1 semble être plus stable et 
progressif sur ces sites. Une analyse plus détaillée a indiqué que le PARP1 pourrait 
faciliter le positionnement des nucléosomes proximaux du SCT, qui est en corrélation 
avec la présence d'ARN-pol-II dans les gènes qui sont en équilibre ou activement 
transcrits (Schones et al., 2008). Les nucléosomes bien phasés sont vus plus souvent au 
MES des gènes d'entretien ménager et sont plus variables dans le reste du génome 
(Radman-Livaja et Rando, 2010a). C'est pourquoi nous proposons que la liaison PARP1 
stabilise le positionnement des nucléosomes au TSS pour faciliter la transcription 
pendant l'OIS. 
 
Les inhibiteurs PARP éliminent sélectivement les cellules sénescentes de la 
culture cellulaire par une exposition prolongée. 
 Nous avons constaté qu'un traitement prolongé des cellules sénescentes avec des 
inhibiteurs de la PARP entraînait leur mort cellulaire sélective par rapport aux témoins 
inactifs et proliférants. Les fibroblastes OIS et les cellules cancéreuses sénescentes 
induites par chimiothérapie traitées avec des inhibiteurs PARP cliniquement approuvés 
ont provoqué la mort cellulaire dans les cinq à sept jours. Bien que les mécanismes sous-
jacents à la létalité synthétique des inhibiteurs PARP utilisés en clinique demeurent très 
controversés, le principe actuel soutient que la létalité synthétique est principalement le 
résultat de la perturbation du PARP1 dans les voies de réparation de l'ADN (Lord et al., 
2015). Par contre, il reste à déterminer si les inhibiteurs PARP exercent leurs effets par 
d'autres mécanismes comme les programmes d'expression génétique (Frizzell et Kraus, 
2009). En effet, nous avons découvert que l'inhibition PARP affecte l'expression des 
gènes liés aux fonctions anti-apoptotiques, et c'est peut-être l'un des mécanismes de la 
létalité synthétique. Cependant, nous n'avons pas encore élucidé en détail le mécanisme 
par lequel l'inhibition de la ribosylation de l'ADP entraîne la mort sélective des cellules 
sénescentes et nous devons tester l'efficacité des PARPi comme sénolytiques dans les 
modèles animaux. 
 Nous avons découvert une fonction enzymatique et non enzymatique nouvelle et 
inattendue du PARP1 dans la régulation des gènes associée à la sénescence. 
Étonnamment, l'ensemble des gènes affectés par l'épuisement de la protéine PARP1 
était remarquable, distinct de l'ensemble des gènes affectés par l'inhibition enzymatique. 
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Ainsi, nous avons montré des modes distincts de régulation transcriptionnelle à travers 
les deux branches de la fonction PARP1. 

Nous avons découvert une fonction enzymatique et non enzymatique nouvelle et 
inattendue du PARP1 dans la régulation des gènes associée à la sénescence. Plus 
précisément, nous avons découvert que la fonction enzymatique de la ribosylation de la 
chromatine par ADP-ribosylation de la chromatine à médiation PARP1 s'est 
considérablement enrichie au niveau des activateurs des gènes faiblement exprimés pour 
affiner leur transcription. La fonction non enzymatique du PARP1 a été particulièrement 
cruciale chez les promoteurs, où il permet de maintenir un positionnement stable et 
spécifique pour contrôler la transcription. Enfin, nous avons démontré que les inhibiteurs 
de la PARP peuvent être de puissants agents inducteurs de la mort cellulaire des cellules 
sénescentes en modulant l'expression des gènes apoptotiques. 
 En conclusion, nous avons découvert de nouveaux mécanismes de régulation 
génétique de la fonction PARP1, ce qui nous a permis de mieux comprendre comment la 
sénescence est régulée épigénétiquement. Notre objectif à long terme est d'explorer 
l'inhibition PARP1 comme modalité thérapeutique pour manipuler le phénotype de 
sénescence. 
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 Age is the most significant risk factor of disease and death in developed countries 

(Harman, 1991).  Old age is accompanied by a striking increase in diseases that are rare 

in younger individuals, including cardiovascular disease, cancer, and neurodegeneration  

(López-otín et al., 2013).  This correlation has led to the hypothesis that there are common 

underlying biological mechanisms of aging that drive disease. Hence, if we can target 

these underlying mechanisms of aging, we could ameliorate health-span and potentially 

extend life-span. 

 Aging is the progressive decline in functional integrity and homeostasis, 

culminating in death (Kennedy et al., 2014; López-otín et al., 2013; Mahmoudi and Brunet, 

2012). Much of our understanding of the genetics of aging originates from short-lived non-

vertebrate model organisms such as yeast, worms, and flies (Kennedy et al., 2014). 

Historically, aging was considered a stochastic process. We assumed that nature evolved 

mechanisms for protection and maximal fitness of an organism only until sexual maturity, 

and that beyond the age of reproductive capacity, absence of selective pressure leads to 

a gradual, decline of these systems (evolutionary theory of antagonistic pleiotropy as 

proposed by Paul Williams) (Williams and Day, 2003). However, as we advanced our 

molecular understanding of the aging process, it has become clear that aging is a much 

more organized and programmed process that can be manipulated (López-Otín et al., 

2013; Mahmoudi and Brunet, 2012). Hence, we need to delineate the underlying 

mechanisms that drive age-related pathology, understand how systems that are 

protective in young organisms can become deleterious with age, and define how the 

progression of aging takes place across all organismal levels starting from the cell 
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passing through tissues, organs and of course the whole organism. Indeed, aging may, 

at one point in time, be qualified as a treatable disease. 

 Similar to the “Hallmarks of Cancer” (Weinberg and Hanahan), “Hallmarks of 

Aging” were stipulated (Introduction Figure 1) (López-Otín et al., 2013).  The hallmarks 

of aging include: genomic instability, telomere attrition, epigenetic alterations, loss of 

proteostasis, deregulating nutrient-sensing, mitochondrial dysfunction, cellular 

senescence, stem cell exhaustion, and altered intercellular communication (López-Otín 

et al., 2013). These entities are not mutually exclusive, but maybe functionally 

interconnected and are meant to serve as primary entry points for scientific investigations 

and inroads for therapeutic interventions.  

 
Introduction Figure 1. Hallmarks of Aging (Adapted from Lopez-Otin, 2013) 

1.1. A Brief History of Cellular Senescence  



 ROBINSON Lucas – Thèse de doctorat – 2019 

13 

 One fundamental aging mechanism is cellular senescence (van Deursen, 2014). 

Leonard Hayflick and Paul Moorhead first described cellular senescence in 1961 

(Hayflick, 1965; Hayflick and Moorhead, 1961). They observed that primary human cells 

grown in culture have a finite replicative lifespan, which refuted the long-standing dogma 

by Alexis Carrel that cells are inherently immortal (Carrel, 1912). Hayflick coined the term 

replicative senescence, and Olovnikov hypothesized that this cell culture phenomenon is 

related to organismal aging (Olovnikov, 1971).  We now know that replicative senescence 

is a result of the progressive shortening of telomeres and only one example of many non-

lethal stressors that can induce what we now more generally refer to as cellular 

senescence (Allsopp et al., 1992).  Following this seminal discovery, an entire research 

field has developed, implicating cellular senescence in many physiological and 

pathophysiological conditions.  

 Cellular senescence is a cell fate and complex stress response characterized by a 

stable cell cycle arrest and inflammatory phenotype. Stressors include, replication-

induced telomere shortening, hyper-active oncogenes, loss or derepression of tumor 

suppressor genes, cell fusion, wound-healing, mitochondrial dysfunction, DNA damage 

(chemotherapy, reactive oxygen species, irradiation), developmental signals, or cytokine 

signaling (Campisi and d’Adda di Fagagna, 2007; Kuilman et al., 2010; Martínez-Zamudio 

et al., 2017a; Muñoz-Espín and Serrano, 2014).  To protect the organism from 

malignancy, and avoid the mass tissue loss through apoptosis, damaged cells are 

removed from the cell cycle and prevented from proliferating (Campisi and d’Adda di 

Fagagna, 2007; Kuilman et al., 2010; Martínez-Zamudio et al., 2017a; Muñoz-Espín and 



 ROBINSON Lucas – Thèse de doctorat – 2019 

14 

Serrano, 2014).  Yet, senescence is not only a potent tumor suppressor mechanism, but 

it also plays many other significant physiological and pathophysiological roles, for 

example, in tissue regeneration, maintenance of stem cell plasticity, age-related 

diseases, tissue degeneration and paradoxically tumor promotion (Kuilman et al., 2010; 

Martínez-Zamudio et al., 2017b).   
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1.2 Markers of Senescence  

 There is a diversity of senescence triggers, and all of these produce a panoply of 

senescence-associated biomarkers (Introduction Figure 2).  However, not all 

biomarkers are present in each senescence context and none of them is specific for 

senescent cells. The faithful identification of senescent cells therefore requires a 

combination of a minimum two biomarkers (Campisi and d’Adda di Fagagna, 2007; 

Kuilman et al., 2010). Thus, it is critical to the field to identify specific, rather associated 

biomarkers, and ideally, a single biomarker to improve studies on the occurrence of 

senescence in health and disease.  

 

 
Introduction Figure 2. Markers of Senescence (Adapted from Zamudio-Martinez, 
2017) 
 

1.2.1. Senescence-Associated Growth Arrest (SAGA) 

 One of the most robust biomarkers of senescence is the stable cell cycle arrest. 

SAGA occurs typically in the G1 phase of the cell cycle and accordingly, cells stain 

negative for proliferation marker Ki67 and lack incorporation of nucleotide analogues like 

BrdU or Edu (Muñoz-Espín and Serrano, 2014). In certain instances of tumor senescence 

and OIS, the senescence arrest can also occur at the G2/S phase of the cell cycle (Bielak-
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Zmijewska et al., 2014; Di Micco et al., 2006). Senescence can be identified through the 

upregulation of CDKis p16, p21, p14ARF, p15, and the phosphorylation-status of 

Retinoblastoma Protein (pRB) (Serrano et al., 1997a; Sharpless and Sherr, 2015; 

Takahashi et al., 2007). 

      

1.2.2. Apoptosis Resistance 

Apoptosis and senescence are considered complementary mechanisms for controlling 

the outgrowth of abnormal or damaged cells.  Apoptosis is a controlled and programmed 

cell death, while senescence maintains the cell in a metabolically active and are resistant 

to cellular death. Senescent cells downregulate pro-apoptotic genes, and upregulation of 

anti-apoptotic genes such as members of the BCL2 family of proteins (Piccolo and Crispi, 

2012). Additionally, p21 can promote cell survival in the context of chronic DDR (Soto-

Gamez et al., 2019). p21KD leads to upregulated JNK signaling and subsequent cell 

death (Soto-Gamez et al., 2019).  Levels of autophagy during senescence also play an 

important role in survivability, as low levels of autophagy can lead to cell death through 

proteotoxic stress (Soto-Gamez et al., 2019). 

   

1.2.3. Cytomorphological Changes 

Senescent cells will often experience cytomorphological changes. In the context of DNA 

damage and replicative senescence, senescent cells become very enlarged, and flat 
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(Muñoz-Espín and Serrano, 2014). However, BRAF induced senescent cells, although 

they have striking morphological changes, they will often become elongated and exhibit 

a spindle-like shape (Michaloglou et al., 2005). Visually, there is a dramatic increase in 

the number of stress vacuoles and stress fibers (Kuilman et al., 2010; Muñoz-Espín and 

Serrano, 2014).  It is also not uncommon to see an increased number of multi-nucleated 

cells (Kuilman et al., 2010).  

 

1.2.4. Senescence-Associated Beta-Galactosidase (SAbG) 

The most widely used and most readily applicable biomarker for identifying senescent 

cells in cell culture and tissues is senescence-associated beta-galactosidase (SAbG) 

activity (Debacq-Chainiaux et al., 2009; Sharpless and Sherr, 2015). b-Galactosidase 

activity in lysosomes is typically optimal at a pH of 10; however, in senescent cells, 

increased activity is achieved at an acidic pH of 2.0-6.0 (Dimri et al., 1995).  During 

senescence, the expression of the gene encoding the lysosomal b-D-galactosidase GLB1 

is increased but the gene is dispensable for senescence (Lee et al., 2006).  Additionally, 

senescent cells have enlarged lysosomal compartment and activity, which corresponds 

with the increased autophagy in senescent cells (Criscione et al., 2016a; Wiley and 

Campisi, 2016).   
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1.2.5. Metabolism  

Even though senescent cells cease proliferation, they are still metabolically active 

(Introduction Figure 3) (Rodier et al., 2009).  Similar to the Warburg effect seen in 

cancer cells, senescent cells also display increased glycolysis, shifting to an increased 

AMP/ADP: ATP ratio (Baker et al., 2017; Wiley and Campisi, 2016; Wiley et al., 2016a).  

Energy sensing kinases, such as AMPK, are active components involved in senescence 

arrest (discussed in section 1.3.6) (Moiseeva et al., 2009; Wang et al., 2003). Along with 

increased glycolysis comes also a marked increase in pyruvate levels as well as an 

increased NADH/NAD+ ratio (Kaplon et al., 2013; Ohanna et al., 2011a).  This increased 

ratio can block senescence-inhibiting activities of SIRT3/5 and mitotic checkpoint kinase 

budding uninhibited by benzimidazole-related 1 (BUBR1) (Wiley and Campisi, 2016).  

Senescent cells also decrease the production of deoxyribonucleotides (dNTPs) through 

the downregulation of ribonucleotide reductase (RRM2), which impacts DNA replication 

and DNA damage – contributing to senescence promoting DDR signaling (Aird et al., 

2015; Salama et al., 2014). Furthermore, cells shift autophagic and lysosomal activity and 

increase protein turn over to senescence-associated protein degradation (SAPD) 

(Salama et al., 2014).  There is a decrease in autophagosome formation and fusion with 

the lysosome, even though the inhibition of autophagy can induce senescence (Galluzzi 

et al., 2016).  That being said, there is increased autophagy and lysosome activity during 

OIS (Wiley and Campisi, 2016).  Autophagy regulating protein mTOR is a significant 

driver for the expression of inflammatory components of the SASP (Herranz et al., 2015). 
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Introduction Figure 3. Metabolic characteristics of senescent cells (Adapted from 
Wiley, 2016).  
 

1.2.6. Chromatin Conformation: SAHF/SAD/SDF/TIFS/LADS 

Chromatin undergoes dramatic architectural changes in senescent cells epitomized by 

the appearance of senescence-associated heterochromatin foci (SAHF) (Narita et al., 

2003).  SAHF are regions of highly condensed heterochromatin that can be identified 

using DAPI DNA counterstaining.  They are enriched for repressive histone marks 

H3K9me2/3, histone H4 hypoacetylation, histone variant macroH2A, and 

heterochromatin protein 1 (HP1), and are thought to stabilize the senescence arrest 

(Adams, 2007; Narita et al., 2003). Although these foci exhibit high condensation, there 

is also chromatin decondensation and 3-D architectural changes at pericentromeric 

satellite regions (senescence-associated distension of satellites (SADS) (Chandra et al., 

2015a; Criscione et al., 2016a) that contribute to enforcing the senescence arrest 

(Swanson et al., 2013).  Additional nuclear markers include senescence DNA damage 

foci (SDF) and telomere-dysfunction-induced foci (TIFs) (Criscione et al., 2016b; Rodier 
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et al., 2011; Takai et al., 2003).  Sites of chronic DDR sites are called SCARS (DNA 

segments with chromatin alterations reinforcing senescence) and contain PML, ATM, 

TP53 binding protein (53BP1), gH2AX, and supporting DDR signaling proteins (Rodier et 

al., 2011).  SCARS help to maintain a chronic DDR signaling which stimulates the SASP 

and reinforces arrest (Adams, 2007; Criscione et al., 2016b; Salama et al., 2014). 

 

1.2.7. Senescence-Associated Secretory Phenotype (SASP) 

Upon their arrest, senescent cells establish and maintain an extensive program to secrete 

factors, proteins, and vesicles into the surrounding microenvironment, which may act in 

an autocrine, paracrine or juxtacrine fashion to reinforce the senescence phenotype and 

spread it to the immediate cellular environment (Table 1) (Campisi and d’Adda di 

Fagagna, 2007; Coppé et al., 2008, 2010a; Kuilman and Peeper, 2009). SASP has 

pleiotropic functions in aging, age-related diseases, tissue homeostasis, and immune-

surveillance (discussed in section 1.5) (Campisi and d’Adda di Fagagna, 2007; Kang et 

al., 2011; Sagiv and Krizhanovsky, 2013). SASP composition is heterogeneous and is 

dependent upon senescence context (Coppé et al., 2008, 2010a).    
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Introduction Table 1. Notable SASP Factors (Adapted from Coppé, 2008). 
SASP factors 
Soluble factors 
Interleukins (IL) 
IL-6 
IL-7 
IL-1a, -1b 
IL-13 
IL-15 
Chemokines (CXCL, CCL) 
IL-8 
GRO-a,-b,-gc 
MCP-2 
MCP-4 
MIP-1a 
MIP-3a 
HCC-4 
Eotaxin-3 
Other inflammatory factors 
GM-CSF 
MIF 
Growth factors and regulators 
Amphiregulin 
Epiregulin 
Heregulin 
EGF 
bFGF 
HGF 
KGF (FGF7) 
VEGF 
Angiogenin 
SCF 
SDF-1 
PIGF 
IGFBP-2, -3, -4, -6, -7 
Proteases and regulators 
MMP-1, -3, -10, -12, -13, -14 
TIMP-2 
PAI-1, -2; tPA; uPA 
Cathepsin B 
Soluble or shed receptors or ligands 
ICAM-1, -3 
OPG 
sTNFRI 
TRAIL-R3, Fas, sTNFRII 
Fas 
uPAR 
SGP130 
EGF-R 
Nonprotein soluble factors 
PGE2 
Nitric oxide 
Reactive oxygen species 
Insoluble factors (ECM) 
Fibronectin 
Collagens 
Laminin 
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1.3 Causes of Senescence 

1.3.1. Replicative Senescence (RS) 

Primary human cells have a finite replicative lifespan termed replicative senescence (RS). 

It is caused by the gradual shortening of telomeres during each replicational cycle, 

ultimately producing critically short telomeres (Allsopp et al., 1992).  Telomeres consist 

of repetitive (TTAGGG) sequences, including a terminal 3’ single-stranded over-hang that 

forms a t-loop.  This DNA structure is protected by the “Shelterin” complex, which is 

composed of telomere binding proteins TRF1, TRF2, POT1, TPP1, TIN2 and RAP1 

among others (Cech, 2004; Porro et al., 2014; Sharpless and DePinho, 2004). TRF1, 

TRF2, RAP1, TIN2 interact with the double-stranded DNA portion of the telomere while 

POT1 and TPP1 bind to the single-stranded over-hang as a dimer (Klement and 

Goodarzi, 2014).  The Shelterin complex effectively protects the single-stranded t-loop 

from being sensed as a single-strand break, thus effectively blocking the activation of a 

DNA damage repair (DDR) response (Karlseder et al., 2004; Klement and Goodarzi, 

2014; Schmutz and de Lange, 2016). When telomere integrity is compromised t-loops 

become undone and telomeres are sensed as DNA damage as the protective Shelterin 

complex is released (d’Adda di Fagagna et al., 2003; Fumagalli et al., 2012; Kuilman et 

al., 2010). The result is a chronic DDR including the recruitment of g-H2AX, 53BP1, 

Mre11, NBS1, and MDC1 to unmasked telomeres (Takai et al., 2003).  The DDR is 

relayed by ATR (Ataxia telangiectasia and Rad-3 related), ATM (Ataxia telangiectasia 

mutated gene) kinases, which phosphorylate checkpoint kinases CHK1/2 (D’Adda Di 

Fagagna, 2008; d’Adda di Fagagna et al., 2003). Furthermore, long-non coding RNA 
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TERRA directs the activity of histone demethylases LSD1 to facilitate the recruitment of 

the MRE11 complex  (Porro et al., 2014).  Ultimately, the DDR induces downstream 

stabilization of the tumor suppressor and guardian of the genome TP53 engaging the 

senescence arrest by transcriptional activation of cell-cycle-dependent kinase inhibitor 

CDKN1A (alias p21CIP) (d’Adda di Fagagna, 2008; Fumagalli et al., 2012; Herbig et al., 

2004; Takai et al., 2003). RS further relies upon the activation of the INK4A locus, which 

encodes cell-cycle-dependent kinase inhibitors (CDKi) and tumor suppressor proteins 

CDKN2A and -B (alias p16 and p14ARF). Together, these CDKi’s activate the tumor 

suppressor protein pRB through hypophosphorylation enforcing senescence arrest by 

repressing cell cycle genes regulated by the E2F family of transcription factors (Dynlacht 

et al., 1994).  

   

1.3.2. Stress-Induced Premature Senescence (SIPS) 

Various other stressors, that I will discuss in the following sections, can also lead cells 

acutely into senescence (Muñoz-Espín and Serrano, 2014).   

 

1.3.3. Oncogene-Induced Senescence (OIS) 

Senescence is a tumor suppressor mechanism which arrests the proliferation of pre-

cancerous cells.  The initial discovery came from the observation that primary human and 

rodent cells over-expressing oncogenic RAS exhibited a senescent-like phenotype 

including loss of proliferative capacity, SABG activity, and enlarged, and flattened 
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cytomorphology (Serrano et al., 1997b). RAS-OIS depended both on functional TP53/p21 

and p16/pRB activities (Ruiz et al., 2008; Serrano et al., 1997b).  These results were 

validated in vivo in mice expressing oncogenic KRASG12D, where senescent cells were 

found in the pre-cancerous stages of the lung, liver or pancreas (Collado et al., 2007; 

Kang et al., 2011). In the case of RAS-OIS, senescence is induced through a chronic 

hyperactivation of the RAS-RAF-MEK-ERK pathway, replication stress, production of 

reactive oxygen species (ROS), DDR as well as activation of the JNK/p38MAPK stress 

kinase signaling pathway (Fumagalli et al., 2012; Gorgoulis and Halazonetis, 2010; Di 

Micco et al., 2006; Wang et al., 2002).  

 Similar to oncogenic RAS, overexpression of its direct downstream target kinase 

BRAFV600E also triggers OIS (Michaloglou et al., 2005).  In vivo, BRAFV600E 

expression is the root cause for the development of benign melanocytic nevi that rarely 

progress to melanomas (Wang et al., 1996). Melanocytes in these nevi stain strongly 

positive for several senescence biomarkers (Wang et al., 1996).  Although RAS and RAF 

function within the MAPK signaling pathway, senescence arrest kinetics, and genetic 

requirements are not identical. Other oncogenes inducing OIS are MYC, b-cadherin, 

PML, MOS, RAC1, MEK, AKT, E2F1, CCNE (Liu et al., 2018b). 

 In addition to oncogenic hyperactivation, disruption of tumor suppressor genes 

such as PTEN (Phosphatase And Tensin Homolog), NF1 (neurofibromin 1) or VHL (von 

Hippel Lindau) also induce a senescence arrest (Liu et al., 2018b).  PTEN is the primary 

negative regulator of the PI3K-AKT-MDM2 pathway (Kuchay et al., 2017). However, in 

the absence of PTEN, mTORC1 and MTOC2 bind and phosphorylate Ser15 of TP53 and 
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out-compete the negative regulatory activities of MDM2 (Astle et al., 2012; Jung et al., 

2019). The cells arrest with the upregulation of p21 and other downstream senescence 

targets (Astle et al., 2012; Jung et al., 2019). This TP53-mediated senescence arrest is 

DDR independent (Jung et al., 2019).  In the absence of PTEN or RAS activation the loss 

of S-phase kinase-associated protein (SKP2) results in a senescence-arrest regulated by 

p21, p27 and ATF4 (Lin et al., 2010).  Neurofibromin 1 (NF1) is a tumor suppressor gene 

which is a negative regulator of RAS, and upon disruption can lead to a senescence-

arrest (Courtois-Cox et al., 2006).   Senescence was demonstrated in human fibroblasts 

following treatment with RNA interference of NF1 which lead to a transient upregulation 

of the RAS/PI3k pathway followed by repression and subsequent growth arrest (Courtois-

Cox et al., 2006). The RAS/PI3K pathway is repressed through negative-feedback 

signaling from RasGAPs and sprout proteins (Courtois-Cox et al., 2006). Lastly, VHL-loss 

induced senescence, is TP53 independent and is mediated through the upregulation of 

cyclin-dependent kinase inhibitor p27, which activates pRB (Young et al., 2008).  

 

1.3.4. DNA Damage Induced Senescence (DDIS) 

Senescence also acts as a stress response to genotoxic insults other than telomere 

damage (Introduction Figure 4) (d’Adda di Fagagna, 2008). Oxidative stress, sub-lethal 

H2O2 treatment, and the exposure to DNA damaging agents induce single (SSBs) or 

double strand breaks (DSBs) which can lead to an increase in mutagenic events and 

genomic instability (Chen et al., 1998; Pedro de Magalhães et al., 2004; te Poele et al., 
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2002). An SSB is sensed by replication protein A (RPA) and ATR kinase (Falck et al., 

2005) and the kinase signal is amplified by the heterotrimeric 9-1-1 complex (RAD9, 

RAD1, HUS1) and Topoisomerase II-binding protein 1 (TOPBP1) (Schmitt et al., 2007).  

DSBs recruit ATM kinase to the site of damage (Falck et al., 2005). ATM and ATR kinases 

activate DDR by phosphorylating gH2AX to reinforce the recruitment of ATM 

(Introduction Figure 3) (Falck et al., 2005).  These kinases chronically act at the sites of 

DNA damage to create a positive feedback loop, and the formation DNA-SCARS.  

(d’Adda di Fagagna, 2008; Rodier et al., 2011; Schmitt et al., 2007).  Additional mediators 

collaborating with ATM and ATR at the sight of damage are 53BP1, claspin/RAD1 and 

the mediator of DNA-damage checkpoint 1 (MDC1), which help in the activation of 

checkpoint kinases CHK1 and CHK2 (Armata et al., 2007; D’Amours and Jackson, 2002; 

Salama et al., 2014; Schmitt et al., 2007).  The latter will phosphorylate and (in)activate 

cell cycle proteins, including TP53 and CDC25, enforcing a rapid cell cycle arrest that is 

stabilized by the activation of p21 and p16/pRB (Armata et al., 2007).  
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Introduction Figure 4. Characteristic DNA-damage response during senescence 

(Adapted from d’Adda di Fagagna, 2007). 
 

ROS signaling can also induce a senescence arrest.  To arrest the cells ROS triggers 

DNA damage and initiate TP53-p21 as well as activation of ERK-p38MAPK signaling 

pathway (Freund et al., 2011).  Additionally, ROS-induced p21 activation triggers down-

stream mitochondrial dysfunction, which in turn produces more ROS and creates a 

positive feed-forward loop which sustains the senescence arrest (Passos et al., 2010a).  

DNA damage from radiation (UV, gamma, X-ray) will form DNA breaks, which can arrest 

cells through DDR pathways described above (Mirzayans et al., 2012). 

  

1.3.5. Therapy-induced senescence (TIS) 

Tumor cells can still be driven into senescence through ionizing radiation, DNA damaging 

chemotherapy, or epigenomic damage (e.g., HDAC inhibition) (Fan and Schmitt, 2017; 
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Gewirtz et al., 2008; Li et al., 2018).  For example, a moderate dose of chemotherapeutic 

agents such as doxorubicin (20-100 nM) or etoposide (20µM), induces senescence rather 

than cell death in cancer cells (Bielak-Zmijewska et al., 2014; Roberson et al., 2005).  

Additionally, in BCL-2 null (a pro-apoptotic factor) context, Eu-MYC B-cell lymphoma in 

mice treated with chemotherapeutic agent cyclophosphamide experience a TP53-

dependent cell cycle arrest (Schmitt et al., 2002).  Finally, during cancer therapy, INK4A 

mutations negatively impact treatment outcome, which suggests that senescence 

induction is a definite indicator for treatment success, a failsafe mechanism for apoptosis 

(Schmitt et al., 2002).  Radiation therapy induces large number of senescent cells in the 

regions outside of the direct target (non-lethal doses) (Li et al., 2018; Mirzayans et al., 

2012). Ionizing radiation can push malignant tumors into apoptosis through direct DNA 

damage or secondary damage.  Mitochondrial dysfunction from the radiation can produce 

large quantities of ROS through NOX4, which creates a perpetuating loop of damage and 

ROS production in the mitochondria itself, leading to senescence-arrest (Sakai et al., 

2018; Shimura et al., 2017)   

  

1.3.6. Mitochondrial Dysfunction-Associated Senescence (MiDAS) 

Mitochondria dysfunction, which occurs with age, can induce a senescent phenotype 

markedly differing from that found in other senescence contexts and can occur also in 

post-mitotic cells (Wiley et al., 2016b).  Cells that undergo MiDAS have lower 

NAD+/NADH ratios, which cause both the proliferative arrest and prevent the classical IL-

1-associated senescence-associated phenotype (SASP) through AMPK (AMP-activated 
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protein kinase)-mediated TP53 activation. Furthermore, deregulation of anti-senescent 

mitochondrial proteins SIRT3 and SIRT5 can lead to MiDAS (Nacarelli et al., 2019; Wiley 

et al., 2016b).  

 

1.3.7. Development  

In recent years, senescence has been linked to embryonic development (Muñoz-Espín 

et al., 2013; Storer et al., 2013). Detailed studies of the mesonephros, the endolymphatic 

sac of the inner ear, apical ectodermal ridge, and neural roof plate show that senescence 

occurs naturally during embryonic development. Developmental cues evoke a 

senescence response through PI3K/SMAD and TGFb/FOXO signaling, which induce p21 

independent of TP53 activation and a canonical SASP, however, devoid of IL-6 and IL-8.  

During development, senescent cells are removed through apoptosis or the recruitment 

of macrophages (Muñoz-Espín et al., 2013; Storer et al., 2013).  Together, these studies 

provided a first glance to the putative evolution of the senescence phenotype. 

  

1.3.8. Tissue Regeneration, Repair and Maintenance of Plasticity and 

Stemness 

Senescence plays a critical role in tissue regeneration, wound healing and the 

maintenance of cellular plasticity and stemness (Chiche et al., 2016; Milanovic et al., 

2018; Mosteiro et al., 2016a; Ritschka et al., 2017a).  In the context of cutaneous wound 

healing, senescent cells appear very early after injury, following CCN1 release, activating 



 ROBINSON Lucas – Thèse de doctorat – 2019 

30 

integrin a6B1, heparan sulfate proteoglycans (HSPGs) as well as downstream RAC-

1dependent NADPH oxidase 1 (Jun and Lau, 2010).  Together, this upregulates ROS 

production, which induces senescence arrest via p38MAPK/ERK signaling and 

subsequent induction of p16/pRB and TP53 (Jeon et al., 2017; Jun and Lau, 2010).  

Wound-resident senescent cells release a SASP containing platelet-derived growth factor 

(PGDF-AA) (Jeon et al., 2017; Jun and Lau, 2010).  PGDF-AA dependent tissue 

remodeling through the differentiation of myofibroblasts was found to be senescence-

dependent, thus displaying the physiological benefits of senescence (Jeon et al., 2017; 

Jun and Lau, 2010).  Additionally, in a mouse model expressing Yamanaka TFs (OCT4, 

SOX2, Klf4, and c-MYC), senescence was found to be a crucial component for cellular 

reprogramming and wound healing via SASP factor IL-6 in the context of muscle repair 

(Chiche et al., 2016; Mosteiro et al., 2016b).  In the context of the liver, senescence 

induction and subsequent SASP expression leads to an increase in the presence of stem 

cell markers, as well as an increased capacity at regeneration, further emphasizing the 

role of senescence in facilitating stemness and plasticity (Ritschka et al., 2017b). 
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1.5. Mechanisms and Regulation of Cellular Senescence   

 

 
Introduction Figure 5. Pathways of Senescence (Adapted from Zamudio-Martinez, 
2017).  

 

1.5.1. Senescence arrest 

Cell proliferation is under tight control, receiving a variety of signals from the environment 

or cell-autonomously to progress or not through replication of its genetic code, and finally 

division, known as the cell cycle (Smith and Martin, 1973).  Cyclins and CDKs are 

contributory factors for cell cycle progression, facilitating the passing through various 

checkpoints in G1, S, G2, and M phase of the cell cycle to ensure proper proliferation 

(Johnson and Walker, 1999).  During G1 phase, cyclin Ds receive signaling from the 

external environment, and depending on this messaging, will direct CDK4/6 to initiate the 

expression of cell cycle genes, pushing the cell through the next steps of the cell cycle 



 ROBINSON Lucas – Thèse de doctorat – 2019 

32 

when other cyclins will take over (Johnson and Walker, 1999). CDKis p16INK4A, 

p15INK4B, p27Kip1, and p57Kip2, p18INK4C, p19INK4D, and p21Cip1 all negatively 

regulate CDKs, thus keeping pRB in a hypophosphorylated, active state.  CDKis control 

check-points of the cell cycle and are instrumental in orchestrating the senescence arrest 

(Campisi, 1997; Itahana et al., 2003; Serrano, 1997).  

Although various stressors trigger the senescence response, the arrest itself 

depends primarily on the activation of the tumor suppressor pathways pRB/p16 and 

TP53/p21 (Beauséjour et al., 2003; Shay et al., 1991). The mutation or disruption of the 

pRB/p16 and TP53/p21 pathways can facilitate senescence-bypass or senescence 

escape (Roberson et al., 2005).  For example, expression of the SV40 large T antigen 

inhibits both TP53 and pRB, resulting in a senescence bypass (Shay et al., 1991). 

  

1.4.2. TP53 and the Senescence Arrest 

TP53 regulates a critical tumor suppressor pathway in senescence (Itahana et al., 2003; 

Serrano, 1997).  TP53, a tetrameric transcription factor, is the most important tumor 

suppressive transcription factor, and as such is subject to complex regulation. Not 

surprisingly TP53 is mutated in more than 50% of all cancers (Harris, 1996). TP53 

activation can halt cell proliferation and is implicated in the regulation of metabolism, 

apoptosis, and development (Bosari et al., 1995; Brady and Attardi, 2010).   

 In senescence, a bevy of factors such as DDR signaling, ROS, hyperactivated 

oncogenes, TGFb, and cytokine signaling (including SASP from neighboring cells) 
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functionally activate TP53 (Lujambio et al., 2013).  These stressors upregulate signaling 

pathways via AMPK, ATR, p38 mitogen-activated protein kinases, and ATM to post-

translationally modify TP53 (Lujambio et al., 2013).  In RAS-OIS, RAS signaling induces 

the formation of a trimeric complex, including acetyltransferase CBP, TP53, and PML 

(Pearson et al., 2000).   In the absence of TP53 acetylation, senescence may be 

bypassed (Pearson et al., 2000). Furthermore, Protein Inhibitors of the of Activated STAT 

(PIASy), an E3 sumoylation ligase, sumoylates and activates TP53, and in concert with 

pRB induces a senescence arrest (Bischof et al., 2006).  TP53 is strongly antagonized by 

MDM2, which facilitates its export from the nucleus and degradation via ubiquitylation; 

however, p14ARF acts as an inhibitor of MDM2, to stabilize TP53 (Brady and Attardi, 2010; 

Stott et al., 1998; Takemoto et al., 2000). Under normally proliferating conditions, the 

p21/CDKN1A gene locus is repressed by scaffold-attachment factor A (SAFA) and long-

noncoding RNA PANDA, which recruit polycomb repressive complexes (PRC1 and 

PRC2), to produce the repressive chromatin mark H3K27me3 (Liu et al., 2018a; Puvvula 

et al., 2014a).  Upon senescence induction, TP53 antagonizes these repressive 

complexes and strongly upregulate the expression of the p21/CDKN1A gene locus 

(Puvvula et al., 2014b). CDKN1A inhibits the kinase activity of CDK1, CDK2, CDK4/6, 

thereby inducing the hypophosphorylation and activation of pRB, thus, enforcing the 

senescence arrest (Datto et al., 2006; Yosef et al., 2017). 



 ROBINSON Lucas – Thèse de doctorat – 2019 

34 

  

1.4.3. pRB and the Senescence Arrest  

The second critical senescence arrest pathway is mediated by the gatekeeper of cell 

cycle progression, pRB (Serrano, 1997).  Like TP53, pRB is tightly regulated by different 

posttranslational modifications, and upon hyperphosphorylation will allow for the G1/S 

transition to occur (Johnson and Walker, 1999).  CDK 4/6 and CDK2 phosphorylate pRB 

to release its inhibitory effect on the E2F-DP1 TF dimer (Alexander et al., 2003). During 

senescence, pRB is maintained in a hypophosphorylated state, binding, and inhibiting 

E2F mediated cell cycle progression (Campisi, 1997; Haferkamp et al., 2009).  pRB binds 

and represses the activity of E2F1-3 and recruit histone deacetylases (Brehm et al., 1998; 

Hara et al., 1996).  The INK4a/ARF gene locus encodes both p16 and p14ARF (Stott et 

al., 1998). Under normal proliferating conditions, the CDKN2A locus is repressed by 

complexes including ANRIL (anti-sense ncRNA in the INK4 locus), CBX7, SUZ12 and 

polycomb repressive proteins, and is marked by inactive chromatin modifications such as 

H3K27me3 (DiMauro et al., 2015; Kotake et al., 2011).  The depression of this locus is 

instrumental for the senescence arrest (Kotake et al., 2011). Identified factors involved in 

depressing the INK4A locus are p38MAPK stress kinase, transcription factor ETS, or 

SWI/SNF chromatin remodeling complexes leading to an increasingly active chromatin 

state (Childs et al., 2014; Hiroaki et al., 2003).  p16, like other CDK inhibitors, acts to 

block CDKs from phosphorylating and inactivating pRB, thus facilitating the binding to 

and inhibition of E2F-regulated expression of genes important for cell cycle progression 

(for example, PCNA, CCNA2, or CCNB1/2) (Johnson and Walker, 1999).  In a positive 
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loop, pRB prevents the down-regulation of the CDKN2A locus, maintaining the expression 

of p16 and p14ARF (Hara et al., 1996).  

 In addition to its interactions with E2F TFs, pRB facilitates a permanent cell cycle 

arrest during senescence through heterochromatin formation (Brehm et al., 1998; Narita 

et al., 2003).  The most prominent heterochromatin structures are SAHF. The formation 

of SAHF is dependent upon activation of p16/pRB, and represses E2F cell cycle targets 

thus, forming a functional link between cell cycle arrest and the formation of 

heterochromatin foci during senescence (Corpet and Stucki, 2014; Narita et al., 2003). 

SAHF are enriched for macroH2A and HP1 (Zhang et al., 2005), which also facilitate the 

recruitment of PRC1 and PRC2 factors, which generate the repressive histone 

modification H3K27me3 (Narita et al., 2003, 2006; Zhang et al., 2005).  In complex, PML 

bodies require the activity of high mobility group-A and B1 (HMGA2 and HMGB1) to bind 

E2F target areas and place repressive histone marks which alters the higher-order 

structure into foci (Narita et al., 2006).  To form SAHF and repress cell cycle genes, pRB 

interacts with chromatin modifying proteins to shape the 3-D chromatin architecture and 

epigenomic landscape (Uchida, 2016).  pRB drives specific SWI/SNF chromatin 

remodeling complexes during senescence (Uchida, 2016). SWI/SNF remodels chromatin 

through disrupting the nucleosome interaction with DNA, to increase, or in some cases, 

repress gene expression (Uchida, 2016). In the case of senescence, pRB recruits the 

SWI/SNF, BRM or BRG1 ATPases as part of a complex to remodel the chromatin into a 

repressed state in cooperation with histone deacetylases and histone methyltransferases 

(Adams, 2007; Tu et al., 2013b, 2013a).   
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 As part of chromatin remodeling complexes, pRB, often acts in concert with PML 

nuclear bodies to facilitate the deacetylation of E2F target genes and promoters (Zhang 

et al., 2005).  pRB recruits histone deacetylase 1 (HDAC1) to sites near the promoters of 

E2F target genes, in some cases in complex with SIN3B or COOH-terminal binding 

protein (CtBP) (DiMauro et al., 2015).  Deacetylation of lysine on histones through 

complexes containing HDAC1 represses gene expression at these sites (Brehm et al., 

1998; Narita et al., 2003). One study found that cyclin E could be re-expressed when pRB 

mediated repressive chromatin modifications were counteracted by HDAC inhibitors 

(Klement and Goodarzi, 2014; Zhang et al., 2005).   pRB forms a complex with histone 

methyltransferase SUV39H1, which catalyzes di/trimethylation of histone three lysine 9 

(H3K9me3/2) (Narita et al., 2003).  These repressive marks are targeted to repress 

expression of cell cycle genes (E2F targets) and form the SAHF (Narita et al., 2003).  

H3K9me2/3 and macroH2A recruit heterochromatin protein 1 (HP1) (Rai et al., 2014). 

During the onset of senescence, the colocalization of histone chaperones HIRA and ASF1 

into the PML nuclear bodies with HP1 is required for the formation of the SAHF (Zhang 

et al., 2005).  These repressive complexes further compact chromatin through 

interactions with surrounding methylated histones (Chandra et al., 2012, 2015a).   

 

1.4.4. Other Critical Players Regulating the Senescence Arrest  

The senescence arrest and repression of E2F target genes also employ microRNA-

mediated transcriptional gene silencing (TGS) (Benhamed et al., 2012).  Micro-RNA (MiR) 
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molecules can disrupt gene expression through binding DNA, disrupting protein 

translocation, or degrading already transcribed mRNAs (Benhamed et al., 2012). In the 

context of senescence, AGO-2/MiR complexes are translocated to the nucleus 

(Benhamed et al., 2012; Rentschler et al., 2018). As part of the pRB repressor complex 

containing HDACs, AGO-2 is guided to E2F target genes MiR-let 7 (Benhamed et al., 

2012). This gene silencing may also assist in the recruitment of additional chromatin 

repressive complexes to durably repress gene expression of E2F targets (Benhamed et 

al., 2012).  

 Nuclear lamina proteins regulate senescence.  A shortened splice variant of Lamin 

A in Hutchinson-Gilford progeria syndrome (HGPS) leads to rapid aging (McClintock et 

al., 2007).  Nuclear lamina proteins interact with DNA at lamina-associated domains 

(LADS) in a structural capacity, often interacting with vast stretches of heterochromatin 

and gene-poor areas, but as well to silence the expression of specific genes (Hänzelmann 

et al., 2015; Kind et al., 2015). In senescence, there is a downregulation of lamin B 

(LMNB1) (Shah et al., 2013).  Loss of LMNB1 causes dissociation of the LADs and the 

delocalization of heterochromatin (Shah et al., 2013). These changes further stabilize the 

cell cycle arrest (Salama et al., 2014).   

 

1.5. Mechanisms and Effects of the SASP 

The SASP is one of the most important functional features of senescent cells. The SASP 

displays variability between different cell types and inducers, and is dynamic, which is to 
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say that not all components are expressed simultaneously and at all times (Acosta et al., 

2013; Coppé et al., 2008). 

 The SASP plays a critical biological role in a cell-autonomous and cell non-

autonomous fashion.  Cell autonomously, senescent cells create a positive-feedback 

loop, to reinforce the senescent phenotype through the SASP (Chien et al., 2011; Orjalo 

et al., 2009).  First, IL-6 and IL-8 SASP factors are essential to the maintenance of the 

senescence phenotype (Acosta et al., 2008). Silencing of CXCR2 (Receptor for IL-6 and 

IL-8) expression prevents the onset of OIS, with diminished activation of ATM and DDR 

(Acosta et al., 2008).  The upregulation of CXCR2 and the accompanying chemokine 

production is largely regulated by NFkB (Nuclear Factor Kappa-light-chain-enhancer of 

activated B cells) and CEBPb (CCAAAT/enhancer binding protein b) (Acosta et al., 2008).  

The mechanism by which CXCR2 can facilitate cell-autonomous maintenance of 

senescence involves ROS, DDR and continued activation of p21, which also helps their 

survival and avoidance of apoptosis through JNK (Yosef et al., 2017).  Independently of 

CXCR2, IL-6 plays a significant role in autocrine maintenance and establishment of 

senescence (Kuilman et al., 2008).  IL-6 production is significantly increased, as well as 

the IL-6 receptor (IL6R) (Kuilman et al., 2008).  This cascade upregulates an entire 

inflammatory network in collaboration with CEBPb (Kuilman et al., 2008).  The IL-

6/CEBPb axis is involved in upregulating p15, contributing to the senescence arrest 

(Kuilman et al., 2008). Abrogation of this axis diminishes the formation of SAHF, SASP, 

and disrupts the senescence phenotype (Kuilman et al., 2008).  Additionally, Plasminogen 

Activator Inhibitor 1 (PAI1), a known biomarker of senescence, plays an autocrine 
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functional role in senescence through the regulation of growth signaling pathways 

(Kortlever et al., 2006).  PAI1, downstream of TP53 is upregulated during aging. PAI1 

acts in an autocrine fashion to disrupt cell cycle progression through inhibiting PI3K-PKB-

GSK3B and inhibiting the activity of cyclin D1.  Ectopic expression of PAI1 is sufficient to 

induce senescence in TP53 positive cells. Additionally, secreted insulin-like growth factor 

binding proteins 5/7 (IGFBP-5/7 can also mediate senescence. Insulin-like growth factor 

pathways are critical in cell growth, as well as several other cell fate pathways (Kim et al., 

2007).  In the context of senescence, signaling from IGFBP-5/7 facilitates growth arrest 

through a DDR signaling pathway to induce a TP53/p21 cell cycle arrest (Kim et al., 2007).  

 

1.5.1. Paracrine/Juxtracrine Effects of the SASP  

In addition to the autocrine-maintenance of senescence, the SASP induces senescence 

in neighboring cells through paracrine-induced senescence (Young and Narita, 2009). 

Conditioned media from OIS, RS, or DDIS cells induce senescence in proliferating cells 

(Acosta et al., 2013) through ROS, an ensuing DDR and stimulation of the IL-6/STAT3, 

IL1b/ NFkB, and TGFb/SMAD pathways. TGFb family proteins (specifically TGFb 1, 

Activin A, BMP2) are the primary modulators of paracrine induced senescence (Acosta 

et al., 2013). IL1a was found to induce DDR and ROS in bystander cells.  TGFb alone 

can induce a senescence arrest independently of TP53 through increased ROS and DDR 

signaling via Nox4 activation of p21 in the secondary senescent cell, as well as TGFb 
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activated p27, and SMAD2/3 activation of p15 (Senturk et al., 2010).  This response relies 

upon DDR signaling and the presence of ATM and macro H2A1.1 (Senturk et al., 2010).  

 Senescence can also be induced through cell-cell contacts and juxtacrine induced 

senescence (Hoare et al., 2016; Teo et al., 2019). The latter is a distinct form of 

senescence and is mediated through Notch signaling (Notch-mediated juxtracrine 

induced senescence, NIS) (Hoare et al., 2016; Teo et al., 2019).  Notch signaling is 

mediated through JAG1 (Hoare et al., 2016; Teo et al., 2019). Although these cells are 

senescent, they express a modified SASP in comparison to OIS cells (Hoare et al., 2016). 

NIS is a TGFb-driven primary SASP that is distinct from the late, secondary SASP in fully 

senescent cells and may have pro-tumorigenic potential (Hoare et al., 2016). 

 

1.5.2. Immune Surveillance of Senescent Cells 

To maintain tissue homeostasis, senescent cells are cleared by the adaptive and innate 

immune systems, a process that is called senescence immune surveillance (Introduction 

Figure 6) (Lujambio et al., 2013).  Initially, innate immune cells were identified as the 

mediators of immune surveillance of senescent pre-cancerous cells (Xue et al., 2007). In 

a RAS-driven liver cancer model, induction of TP53 induces a SASP, that attracts the 

innate immune system (macrophages, natural killer cells, and neutrophils) (Xue et al., 

2007).  Furthermore, NK cells target senescence cells following the expression of NKG2 

ligands and release of ICAM1 and IL-15 which is followed by NK cells initiating apoptosis 

in the target senescent cell (Burton et al., 2016). Additional studies also identified a role 
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for the adaptive immune system and specifically CD4+T cells (Kang et al., 2011). In this 

context, the clearance of the senescent cells required the recruitment of monocytes and 

freshly replenished macrophages (Kang et al., 2011).  CCL2 signaling from the SASP 

brings CCR2+ myeloid cells to differentiate into macrophages (Eggert et al., 2016a).  

However, as liver carcinoma progresses, NK cells are blocked from infiltrating and 

clearing the tumors (Eggert et al., 2016a).  Immune surveillance of senescent cells is 

critical for maintaining homeostasis, and the inhibition of this process can lead to the 

accumulation of senescent cells, tumor progression and age-related pathology (Burton 

and Faragher, 2015; Hoenicke and Zender, 2012). 

 

 

 
Introduction Figure 6. Immune surveillance of senescent cells (Adapted from 
Hoenicke, 2012). The immune system recognizes and eliminates senescent cells in 
through innate and adaptive immune responses, including CD4+ T-cells, NK cells, 
neutrophils and macrophages.  

 

 



 ROBINSON Lucas – Thèse de doctorat – 2019 

42 

1.5.3. SASP and Tumor Promotion 

The SASP can contribute to cancer progression (Coppé et al., 2010b; Gorgoulis and 

Halazonetis, 2010).  Senescent cells both drive pre-neoplastic cells into hyperproliferation 

and accelerate the growth of neoplastic cells (Krtolica et al., 2001).  Increased tumor 

outgrowth was attributed to SASP factors, including GROa and extracellular-matrix 

remodeling MMPs.  Furthermore, the SASP has been implicated in endothelial-

mesenchymal transition (EMT) via secretion of MMPs, uPAR, HGF, and  modulating 

tumor angiogenesis via VEGF, CCL1, IL-8 (Balentien et al., 1991; Coppé et al., 2010b; 

Kim et al., 2007; Strieter et al., 2006; Wajapeyee et al.; Yang et al., 2005).  In addition to 

cell proliferation, the SASP promotes cell motility, and cancer metastasis by remodeling 

the extracellular matrix (Coppé et al., 2010b; Liu and Hornsby, 2007).  
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1.6. Regulation of the SASP  

 
Introduction Figure 7. SASP Pathways. Outlining the pathways involved in regulating 
SASP expression (Adapted from Zamudio-Martinez, 2017). 
 

The composition of the SASP is very diverse and dynamic, and its regulation is complex 

(Ito et al., 2017).  Proteomics and transcriptomics studies showed that most of the 

regulation of the secretion occurs at the transcriptional level – i.e., there is a strong 

correlation between secreted protein and mRNA levels (Coppé et al., 2008). Secretion of 

inflammatory factors is often mediated by the TFs NFkB and CEBPb, whose induction 

can be induced through several pathways, but not through SAGA alone (Rodier et al., 

2009). Overexpression of p16 or pRB induces senescence growth arrest; however, these 

cells lack a SASP.  NFkB and CEBPb both act to upregulate the expression of 

inflammatory pathways including IL-6 and IL-8 though IL1a/b (Acosta et al., 2008; Chien 

et al., 2011; Kuilman et al., 2008).  Positive feedback loops maintain their expression and 

facilitate a steady inflammatory signaling secretion (autocrine maintenance) (Acosta et 

al., 2008).  Within this context, there is upregulation of a dampening signal from non-

coding RNA miR146 a/b (Liu et al., 2012). miR146 a/b acts to restrict the secretion of IL-
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6 and IL-8 but is not strong enough to completely diminish their expression (Liu et al., 

2012).  NFkB and CEBPb are the primary executors of the SASP, and they are regulated 

extensively (Introduction Figure 7).  

 

1.6.1. NF-kB and SASP Regulation  

NF-kB is one of the primary regulators of SASP production.  In addition to mediating 

inflammation, NFkB contributes to the establishment of senescence, localizes in the 

nuclei of senescent cells and one of its subunits p65 co-localizes with the SAHF (Chien 

et al., 2011). Pre-stimulation, NFkB subunits (RelA/B/C and NFkB1/2) are dimerized in 

the cytosol and repressed by NFkB inhibitor proteins (IKBs) (Shifera, 2010).  Post-

stimulation IKB kinase (IKK)s are phosphorylated by upstream kinases, which then 

phosphorylate IKB proteins and mediate their degradation (Shifera, 2010). Following IKB 

degradation, the components of NFkB are free to translocate from the cytosol to the 

nucleus.  

 NFkB is activated by DNA damage, inflammation, environmental cues, and the 

inflammasome (Shifera, 2010). As part of the DDR, ATM activates phosphorylation of 

p38MAPK and IKKg (NEMO), critical for the expression of the NFkB activation and SASP 

production (Ohanna et al., 2011b).  NEMO forms a shuttle complex to activate and 

translocate NFkB and associated proteins to the nucleus (Shifera, 2010). Additionally, 

DNA damage can activate PARP1 and LUBAC which will induce ADP-ribosylation and 

ubiquitination of the IKK complex (Ohanna et al., 2011b).  Together, this will free NFkB 

subunits and facilitate their nuclear translocation (Ohanna et al., 2011b).  
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 Inflammasomes are cellular complexes that include cell surface receptors, and 

downstream signaling components which regulates expression of inflammatory 

cytokines, including IL6 and IL8 via NFkB and p38MAPk (Acosta et al., 2013).   

 NFkB is also activated through secreted proteins TGFb, TNFa, TLR ligands, and 

IL1b (Salminen et al., 2012).  TGFb phosphorylates SMAD2/3 TFs, which can induce 

SASP expression. 

 Upon activation, NFkB interacts with TFs to facilitate inflammatory gene-

expression. For example, SIRT6, which acetylates histones, cooperates with NFkB to 

enhance gene expression (Kawahara et al., 2009; Rovillain et al., 2011). High-mobility 

group protein B1 (HMGB1), which modifies chromatin structure around H1, is bound by 

NFkB to enhance DNA affinity for inflammatory targets (Agresti and Bianchi, 2003).  NFkB 

driven inflammation is also stabilized through the activity of TF GATA4 in the presence of 

a DDR (Kang et al., 2015).  GATA4 is activated independently of p16/TP53 and the cell 

cycle arrest by ATR, but its mRNA levels do not increase during senescence (Kang et al., 

2015).  GATA4 protein levels are stabilized during senescence due to the downregulation 

of p62, which targets GATA4 for degradation via lysosomal autophagy. GATA4 and NFkB 

collaborate to regulate the SASP (Kang et al., 2015).  

   

1.6.2. CEBPb and SASP Regulation  

 CEBPb is another primary regulator of the SASP. CEBPb is a TF that activates 

expression of inflammatory cytokines IL-6, IL-8, TNF-a, and other SASP components 

(Hardy et al., 2005). CEBPb contributes to the senescence arrest in addition to mediating 
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inflammation and protease secretions (Chien et al., 2011). Unlike NFkB, the SASP driven 

by CEBPb binding activity is dynamically regulated during senescence (Hoare et al., 

2016; Ito et al., 2017; Teo et al., 2019).  During the induction of senescence CEBPb  

mRNA levels are repressed via NOTCH1. During senescence, NOTCH1 is upregulated, 

however, the cleavage of NOTCH1 is dynamic, and it peaks in activity only during the 

initial phases of senescence induction.  This activity is reciprocally regulated with TGFb,  

and coincides with the distinct shift between the TGFb, mediated SASP and the pro-

inflammatory SASP seen at the final stage of OIS.  Initially, the SASP is driven by TGFb, 

contributing to growth arrest (via p15), and producing a similar SASP to that seen during 

developmental senescence. NOTCH1 actively inhibits the inflammatory SASP via 

blockage of CEBPb and downstream induction of IL1a, IL6, IL8.  This inhibition is then 

lifted as NOTCH1 becomes deactivated, ushering in the full NFkB, and CEBPB driven 

SASP (Hoare et al., 2016). 

 
Introduction Figure 8. Two-phases of SASP governed by NOTCH signaling (Adapted 
from Hoare, 2016). 
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 Other factors also have been implicated in regulating SASP expression.  During 

senescence sensing of cytosolic DNA will also induce SASP gene expression through 

cyclic GMP/AMP (cGAS) and downstream inflammatory mediator Stimulator of interferon 

genes (STING) (Dou et al., 2017; Glück et al., 2017; Yang et al., 2017).  DNA damage, 

reorganization of chromatin, and LADs leads to an increase in cytosolic DNA fragments 

(Dou et al., 2017; Glück et al., 2017).  The sensing of cytoplasmic DNA reinforces 

inflammatory signaling in the SASP (Dou et al., 2017; Glück et al., 2017).  mTOR is 

another regulatory component of the SASP production on a transcriptional and 

translational level (Herranz et al., 2015). Rapamycin inhibits mTOR which decreases IL6 

and translation of IL1a, which negatively impacts NFkB activation. mTOR facilitates the 

translation MAPKAPK2, which phosphorylates and inhibits the activity of ZFP36L1 such 

that it can no longer bind and degrade SASP factor mRNAs. Additionally, histone variants 

like histone variant H2A.J can influence SASP expression during senescence (Contrepois 

et al., 2017).  
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1.7. Regulation of the Senescence-Associated Gene Expression 
Program  

In addition to the dramatic chromatin architectural changes, cis-regulatory regions and 

enhancers govern the senescence gene expression program  (Shlyueva et al., 2014). 

Enhancers are non-coding stretches of DNA often considered to be cis-acting (although 

they can act from very long distances) upstream or downstream of a target gene to 

enhance gene expression (Mercola et al., 1983). Enhancers can form activating 

complexes with TFs and chromatin modifiers to regulate transcription (Wang et al., 2009).  

Enhancers are marked by activating histone modifications H3K27ac and H3K4me1 as 

well as activating proteins p300 and CBP. The active-enhancer landscape and the TFs, 

which establish this landscape dictate cell identity and the gene-expression program that 

is executed by the cell (Hnisz et al., 2013; Ong and Corces, 2012).  Specifically, a sub-

type of TFs known as pioneers can access and bind to areas of heterochromatin and 

recruit other TFs to the previously inaccessible site (Hnisz et al., 2013; Ong and Corces, 

2012).  

 In the context of senescence, the enhancer landscape is significantly remodeled 

and several enhancers were identified to control SASP gene expression (Tasdemir et al., 

2016). Not surprisingly, SASP associated enhancers were enriched for bromodomain 

protein 4 (BRD4) binding, and accordingly, BRD4 inhibition disrupts part of the SASP 

gene expression program (Tasdemir et al., 2016). During replicative senescence, p300 

histone acetyltransferase associated with enhancers that drive the senescence gene 

expression program (Sen et al., 2019). Depletion of p300, but not closely related CBP, 

impacted the senescence phenotype.  Finally, recent studies revealed the underlying 
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transcription factor networks that drive the establishment of the senescence-associated 

enhancer landscape in OIS (Zamudio et al., 2019). The AP1 family of pioneer TFs 

orchestrates a hierarchical TF network.  AP1 TFs pre-mark senescence-associated 

enhancers, which dynamically gain the activating histone marks H3K27ac and H3K4me1 

during senescence establishment.  Furthermore, AP1 facilitates the recruitment of other 

activating TFs to these senescence-driving enhancers. Disruption of the AP-1 network 

leads to a partial reversion of the senescence phenotype (Zamudio et al., 2019). 
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1.8. Clinical Relevance of Senescence  

Senescence is a protective and health promoting mechanism enhancing wound-healing, 

mediating embryonic development, and acting as a durable tumor suppressive 

mechanism in the face of oncogenic stress, or DNA damage (Campisi and d’Adda di 

Fagagna, 2007; Kuilman et al., 2010). However, senescence has now also been linked 

to aging and age-related disease.  Senescent cells accumulate in older organisms, as 

exemplified in baboons and human skin (Jeyapalan et al., 2007).  When young mice are 

transplanted with senescent cells, or premature-senescence is induced, they express 

characteristics of aged mice: decreased movement speed, grip strength, and hanging 

endurance (Xu et al., 2018).   

 Although the elimination of senescent cells in vivo increases the lifespan of mice 

by approximately  17-35%, more importantly, it significantly increases their healthspan 

(Introduction Figure 9) (Baker et al., 2016; Xu et al., 2018). Specifically, senescence 

eliminator mouse models demonstrated a significant decrease in the onset of age-related 

pathologies and delayed aging. These seminal studies exemplify the potential of 

senescence-targeting therapies to treat age-related pathologies and delay aging. 
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Introduction Figure 9. INK-ATTAC mice: Representative mice with (+AP, senescent 
cells are cleared) and without (-AP, senescent cells are not cleared). (Adapted from 
Baker, 2016).   
 

 

 Senescence therapies have also been introduced as an anti-cancer treatment 

modality (Therapy-induced senescence, TIS). A so-called one-two punch cancer therapy 

includes using senescence-inducing anti-cancer drugs followed by senolytics – drugs to 

eliminate senescent cells (Leite de Oliveira and Bernards, 2018; Wang and Bernards, 

2018). Elimination of senescent cells following chemotherapy had a profound effect on 

the health of mice, decreasing chemotherapy-induced fatigue (Demaria et al., 2017). 

 However, a senescence arrest during anti-cancer therapy is a double-edged sword 

(Milanovic et al., 2018; Passos et al., 2010b). Senescent cells in the tumor 

microenvironment release pro-tumorigenic factors (discussed above). In pre-cancerous 

senescent hepatocytes, the release of CCL2 can trigger the differentiation of CCR2+ 

myeloid cells to mature macrophages and clear the senescent cells (Eggert et al., 2016; 

Kang et al., 2011). However, upon out-growth of hepatocellular carcinoma (HCC), the 
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micro-environmental changes from tumor-secreted factors block the maturation of the 

myeloid cells recruited by senescent cells, blocking NK cells from acting on the tumor, 

thus promoting the growth of the HCC (Eggert et al., 2016).  Furthermore, in Eu-MYC B-

cell lymphomas the stemness-promoting factors released by senescent cells can 

reprogram tumor cells into tumor stem cells, as well, upon senescence escape through 

the loss of TP53 or H3k9me3 from SUV39H1, these post-senescent cells grow more 

aggressively in a WNT-dependent manner (Milanovic et al., 2018). Senescence-induction 

is a viable target in cancer therapy.  
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Introduction Figure 10. Cellular senescence in Pathophysiology (Adapted from 
Martinez, Zamudio 2017).  
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1.8.1 Senescence and Pathology  

Senescence has been linked to many pathophysiological settings, where it can contribute 

functionally to age-related disease (Introduction Figure 10) (Martínez-Zamudio et al., 

2017b).  For example idiopathic pulmonary fibrosis (IPF) and smoking-induced chronic 

obstructive pulmonary disease (COPD) (Houssaini et al., 2018). Senescent cells 

accumulate during IPF in the mesenchymal, bronchial and alveolar layers of the lung as 

evidenced by the increased presence of senescence biomarkers including SABG, p16, 

p21, and TP53 (Schafer et al., 2017).  In damaged IPF lungs, senescent cells secrete 

inflammatory cytokines, as well as NOX4 mediated ROS. The combination of 

inflammation and ROS contributes to the pathogenesis of IPF (Hecker et al., 2014).  The 

knock-down of caveolin (CAV1) prevents senescence establishment in IPF conditions, 

and treatment with NOX4 inhibitors or anti-inflammatory agents improves the condition 

(Schafer et al., 2017).  Furthermore, treatment with senescence eliminating drugs 

(Dasatinib and Quercetin) or using the INK-ATTAC senescence eliminator mouse model 

to eliminate p16 -expressing cells attenuates IPF dramatically (Schafer et al., 2017). 

 Cigarette smoking can induce COPD (Shivshankar et al., 2012). Similar to IPF, 

there is an increase in senescence biomarkers present in lungs, with an increase in 

inflammatory cytokines and ROS, which contribute to fibrosis (Rashid et al., 2018). 

However, in the context of COPD, the smoke damage to the mitochondria contributes to 

the disease (Rashid et al., 2018). Mitophagy mediating pathway PTEN-induced putative 

kinase 1 (PINK1)-PARK2 are involved in repairing mitochondrial damaging and 

dampening the production of ROS (Shivshankar et al., 2012). During COPD-senescence, 

there is an increase in ROS and a downregulation of this mitophagy pathway (Ito et al., 
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2015).  PARK2 is downregulated in COPD senescence, suggesting that the loss of this 

pathway contributes to senescence formation. COPD presents another potential target 

for senescence therapy (Rashid et al., 2018). 

 Senescence also contributes to neurodegenerative diseases. Although much of 

the brain cells are post-mitotic neurons, p16 expressing senescent astrocytes and 

microglia accumulate in a model of Alzheimer's disease (Bussian et al., 2018).  Using the 

INK-ATTAC senescence eliminator mouse model showed a dramatic improvement of 

disease outcome including a reduction of neurofibrillary tangles of hyperphosphorylated 

TAO proteins, and prevention of degeneration of the hippocampus and cortical neurons 

(Bussian et al., 2018).  These mice were able to maintain cognitive function compared to 

the control group. Besides, the use of senolytics ameliorated the neurodegeneration 

(Bussian et al., 2018).  

 Osteoarthritis (OA) is an age-related pathology of the joints that is characterized 

by an increase of inflammation, loss of cartilage tissue, and pain. Senescent cells 

accumulate in these damaged, inflamed tissues, contributing to inflammation as well as 

degradation of the extracellular matrix (Jeon et al., 2017; Marzetti et al., 2009)  In a mouse 

model, the clearance of senescent cells ameliorates the OA and facilitates a regenerative 

microenvironment (Jeon et al., 2017).  Treatment of osteoarthritis with senolytics is 

currently being explored in clinical trials.  Furthermore, the muscle loss associated with 

aging, sarcopenia, is driven by senescence. Muscle satellite cells (muscle stem cells 

which renew lost muscle tissue) gain markers of senescence with age, corresponding to 

a decline of muscular function. Clearance of senescence, as well as a calorie-restricted 
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nutritious diet restores these stem cells to regenerate lost muscle tissue (Marzetti et al., 

2009). 

 Obesity and type II diabetes are also associated with senescence. Adipocyte 

accumulation is associated with senescence and increased inflammation, contributing to 

detrimental health, and diabetes type II is intimately linked with senescence (Minamino et 

al., 2009). Pancreatic B-islet cells produce insulin in response to uptake of glucose. In the 

case of obesity and over-eating, B cells produce a large amount of insulin and multiply to 

meet the need. However, these cells can reach proliferative exhaustion and replicative 

senescence. Furthermore, mutations found in these cells to induced type-2 diabetes are 

also found to be associated with an upregulation of senescence biomarkers (Palmer et 

al., 2015; Tacutu et al., 2011). 

 Senescent cells can also contribute to cardiac disease, atherosclerosis, and 

hypertension in the cellular context of vascular smooth muscle and vascular endothelial 

cells (Fyhrquist et al., 2013; Katsuumi et al., 2018).  Initial findings showed that there was 

an association between telomere shortening and cardiovascular disease, even in patients 

under the age of 50 (Fyhrquist et al., 2013; Katsuumi et al., 2018).  Moreover, other 

senescence biomarkers including increased TP53, p16, p21, inflammatory cytokines, and 

ROS were also present (Fyhrquist et al., 2013). Senescent cells accumulate in patients 

with hypertension, which contributed to increased inflammation and stiffness of the 

vascular smooth muscle, and further exacerbating the condition in a feed-forward loop. 

Senescent cells can be causative and detrimental in atherosclerotic plaques (Chen et al., 

1995).  The presence of senescence increases TNFa, INFb, IL8, IL1b, MCP-1, which 
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further drive pathology (Campisi et al., 2011; Katsuumi et al., 2018).  In mouse models, 

elimination of senescent cells, and overexpression of SIRT1 (found to suppress 

senescence in VSMC) have strong promise in treating cardiac and vascular disease 

associated with aging individuals (Visel et al., 2010). 

 There are more and more pathologies linked causatively with senescence, which 

further underscores the need for the developing of senescence-targeting therapies to 

increase health- and lifespan.  
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2.1 Poly (ADP-ribose) Polymerase 1 (PARP1) 

Poly (ADP-ribose) polymerase 1 (PARP1) is the predominant member of a large family 

of enzymes, catalyzing the transfer of nicotinamide adenine dinucleotide (NAD+) to target 

proteins as ADP-ribose (ADPr) (Gupte et al., 2017).  ADPr is covalently attached to target 

proteins as a single unit of ADPr as mono-ADPr and in a branched or linear post-

translational modification composed of ADPr units linked by glycosidic bonds - poly-(ADP-

ribose) (pADPr) (Kiehlbauch et al., 1993).    This protein and its post-translational 

modification have a rich history of research starting nearly 60 years ago, and the 

understanding of its biological significance continues to expand.  PARP1 is implicated in 

DNA sensing and repair, modulation of transcription, chromatin structure, mediation of 

inflammation, and replication. PARP1 is omnipresent in the nucleus with 5x105 -1x106 

molecules per cell, accounting for 80-90% of the pADPr activity of the cell and is the 

primary target of pADPr automodification (Ludwig et al., 1988; Yamanaka et al., 1988a). 

Despite years of research, delineating its mechanisms of action and regulatory roles is 

still incomplete. 

 

2.2 PARP1 Protein Structure 

PARP1 is a 1014 amino acid 116 kD protein that is divided into three domains: N-terminal 

DNA binding domain (DBD), auto-modification domain (AD), and the C-terminal catalytic 

domain that contains the NAD+ binding site and PARP homology site (CAT) (Introduction 

Figure 11) (Kameshita et al., 1984, 1986). 
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Introduction Figure 11. Structure of PARP1: Outline of features (DNA-Binding Domain, 
Auto-modification Domain and Catalytic domain) in PARP1 protein. (Adapted from Kraus, 
2005). 
 

The N-terminal DNA binding domain (DBD) is 372 amino acids long (42 kDa) and contains 

the nuclear localization signal (NLS) (Kameshita et al., 1984, 1986).  The DNA binding 

domain contains three zinc fingers, which are critical for the DNA binding (binding to DNA 

breaks and damage), as well as inducing catalytic activity on the C-terminus (D’Amours 

et al., 1999). ZnI, ZnII, and ZnIII are all zinc fingers; however, they exhibit functional 

differences. Single strand breaks are identified explicitly by the ZnII zinc finger (Malanga 

and Althauss, 1994).  In vitro studies showed that PARP1 can form a dimer with its DBD 

when binding to a 5’-recessed DNA break, and binds a monomer to a 3’-recessed and 

double-stranded DNA (Pion et al., 2005).  The third zinc finger, ZnIII (located further from 

the N-terminal than ZnI and ZnII) of PARP1 was not identified until recently (Langelier et 

al., 2008). ZnIII is not critical for DNA binding activity; instead, ZnIII acts to activate PARP1 

enzymatic activity by interacting with the C-terminal.  PARP1 also binds directly to intact 

DNA, junctions, looped DNA, and nuclear matrix DNA (Galande and Kohwi-Shigematsu, 

1999; Gradwohl et al., 1987; Lonskaya et al., 2005). 
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 The AD is an important site for PARP1 automodification in addition to other PTMs 

(D’Amours et al., 1999). AD is enriched for glutamic acid, lysine, and aspartate residues, 

which are the prime acceptors of ADPr (Kraus and Lis, 2003; Naegelis and Althaust, 

1991). Recent proteomics studies have found several different ADPr-modified residues, 

including serine, and asparagine (Bai, 2015). The mechanism of PARP1 automodification 

can occur through the formation of trans modification in a PARP1 dimer, as well as 

through cis modification through a monomer of PARP1 (Alemasova and Lavrik, 2019; 

Bauer et al., 1990). However, PARP1 is also modified outside of the AD (Alemasova et 

al., 2019). The AD contains the BRCA c-terminus (BCRT) domain which was first 

characterized in the BRCA1 DNA damage repair protein (Bai, 2015). Initially, this domain 

was found to function in recruitment of other proteins to sites of DNA damage (i.e., 

XRCC1); however, many other proteins, DNA binding proteins, and protein complexes 

have been identified (Kim et al., 2005).  

    The C-terminus of PARP1 (aa 525-1014) contains the catalytic domain (CAT) as well 

as the PARP protein family PARP signature motif (D’Amours et al., 1999).  The CAT of 

PARP1 is capable catalyzing each step of ADP-ribosylation: initiation (first ADPr moiety), 

elongation (additional glycosidic bonds between moieties of ADPr) and branching of the 

pADPr chains (Kim et al., 2005). The donor site contains an NAD+ binding pocket of 

histidine, tyrosine, and glutamic acid (Barkauskaite et al., 2015). The histidine binds the 

2’-OH of NAD+, and any substitutions of this amino acid result in a catalytically inactive 

PARP1 (Barkauskaite et al., 2015; Vyas et al., 2014). The glutamic acid is necessary for 
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the elongation step of the reaction, and an amino acid substitution at this location 

precludes elongation (Barkauskaite et al., 2015). 

    

2.3. ADP-ribose  

Individual units of ADPr are linked through a 1”-2’ ribose-ribose glycosidic bonds, and 

each ADPr has a strong negative charge (Introduction Figure 12) (Kiehlbauch et al., 

1993).  The addition of ADPr from NAD+ creates the by-product of nicotinamide (NAA). 

PADPr can reach up to 200 units long with branches every 20-50 units(Kawaichi et al., 

1981; Miwa et al., 1981). These long chains can form secondary structures, including 

helices and larger matrix structures (Minaga and Kun, 2011; Miwa et al., 1981).  Other 

PARP family members contribute to ADP-ribosylation events in the cell, including PARP2 

(the second most abundant and active member of the family) and the tankyrases, which 

are known to modify the telomeres (Smith et al., 1998).   
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Introduction Figure 12. ADP-ribosylation metabolism: Displaying the initiation (a), 
elongation (b), and branching (c) steps of pADPr synthesis as catalyzed by PARP1. The 
degradation of pADPr by exoglycosidase (d) endoglycosidase (e) activities of PARG. 
Protein-proximal ADPr monomers are cleaved by ADPr-protein lyase (f). (Adapted from 
Zamudio-Martinez, 2012). 
 

 ADPr is a dynamic PTM that once added is removed rapidly by poly-ADP-ribose 

glycohydrolase (PARG), endoglycosidase to remove pADPr, ADP-ribose protein lyase 

and the recently discovered terminal ADP-ribose glycohydrolase 1 (TARG1) to remove 

the final ADPr unit (Gibson and Kraus, 2012).  During stress and DNA damage, the half-

life of ADPr can be as low as 1 minute, while under normal conditions it may last several 

7 hours (Alvarez-Gonzalez and Althaus, 1989).  

 

2.4. Modes of PARP1 Regulation  
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Many different signaling pathways, protein-protein interactions, and PTMs including ADP-

ribosylation, phosphorylation, methylation, or acetylation regulate PARP1 activity 

(Hottiger, 2015). For example, SET7/9 can methylate PARP1 at K508 for recruitment 

purposes during DNA damage (Kassner et al., 2013).  Methylation of PARP1 can stabilize 

the AD which enhances enzymatic activity.  DDR signaling kinases JNK and ERKs 

phosphorylate and activate PARP1 (Kauppinen et al., 2006). ERK2 phosphorylates 

PARP1 at S732 and T373 to stimulate its enzymatic activity via increasing affinity for 

NAD+ (Cohen-armon et al., 2007; Kauppinen et al., 2006).  In the context of DNA damage, 

maximal ADP-ribosylation activity depends upon ERK1/2 kinase activity, and inhibition of 

this phosphorylation decreases PARP1 enzymatic activity (Cohen-Armon, 2007). 

However, phosphorylation by protein kinase C decreases PARP1 activity, which acts to 

protect the cell from necrotic death through over-activated PARP1 (El-Hamoly and 

Hegedűs, 2014). Acetylation of PARP1 by CBP/p300 and PCAF stimulates ADP-

ribosylation activity and is essential in the full activation of the PARP1-NFkB signaling 

axis (Hassa et al., 2005).  However, this acetylation can be reversed by deacetylases 

such as SIRT1 and HDACs (Kolthur-Seetharam et al., 2006). Another PTM, sumoylation 

acts to specify gene targets for PARP1 action as exemplified for the localization of PARP1 

to the heatshock protein 70 (HSP70) gene locus after heat stress (Martin et al., 2009).       

 Protein-protein interactions also dictate PARP1 enzymatic activity.  The first PARP 

interaction discovered was with histones (Wong et al., 1982). Histone 1 (H1) and Histone 

3 (H3) were found to be potent stimulators of ADP-ribosylation activity (Ernest  Kun et al., 

2005). Acetylation of PARP1 prevents PARP-histone associations (Ernest  Kun et al., 
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2005).  Furthermore, H4 and H2B binding activates PARP1 at promoters, while H2A can 

repress ADP-ribosylation activity (Hurtado-Bagès et al., 2018; Pinnola et al., 2007).  The 

interactions with histones and histone variants are important mediators of chromatin 

remodeling, DNA damage, and gene-expression regulatory roles of PARP1 discussed in 

further sections. Proteins involved in DNA damage repair can stimulate PARP1 through 

protein-protein interactions, including HMGN1, NEIL1, OGG1, HPF1, SAM68 (Gibbs-

Seymour et al., 2016; Masaoka et al., 2012; Noren Hooten et al., 2012; Sun et al., 2016).  

These interactions are not all of the same quality; for instance, histone ADR-r factor 1 

(HPF1) primes the PARP1 catalytic domain by increasing its affinity for serine (Leung, 

2017).  YB-1 is an RNA-binding protein that can bind and disrupt PARP activity 

(Alemasova and Lavrik, 2019). Interestingly, ADP-ribosylation of YB-1 can prevent 

binding to PARP1, and thus loses its inhibitory effects.  Furthermore, TP53 is found to 

interact with PARP1, modulating its activity (Fischbach et al., 2018).  Although TP53 can 

be ADP-ribosylated, non-covalent protein-protein interactions can still stimulate PARP 1 

activity (Fischbach et al., 2018). LPS challenge or stimulation of toll-like receptor 4 (TLR-

4), which signals bacterial infections, induces a signaling cascade through MEK1/2, which 

phosphorylates ERK2, leading to the activation of PARP1 (Martinez-Zamudio and Ha, 

2012).  Furthermore, PARP activation through ERK is also possible through TNFa 

signaling (Vuong et al., 2015). 

 

2.5. Functions and mechanisms of PARP1 and ADP-ribosylation 
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To understand PARP1 function in vivo, various labs have generated PARP1 knock-out 

(KO) mouse models. These mouse models were instrumental for defining a role for 

PARP1 in DNA damage repair, gene expression, replication, transcription, inflammatory 

signaling, and iNOS production (Shall and de Murcia, 2000a).  Despite the involvement 

of PARP1 in many cellular processes, and its high abundance in cells, PARP1 knock-out 

is not lethal in mice; however, a double KO of PARP1 and PARP2 is lethal (Shall and de 

Murcia, 2000a).  The latter indicates that PARP2 may compensate for the loss of PARP1 

(Ménissier de Murcia et al., 2003).  PARP1 deficient mice are significantly impaired in 

maintaining genomic instability. Sister chromatid exchanges are increased by 5-fold, and 

formation of micronuclei, sensitivity to gamma irradiation and DNA alkylating reagent N-

Nitroso-N-methyl urea are equally increased.  A surprising feature of these mice is their 

resistance to stress. PARP1 deficient mice are more resistant to the streptozotocin (STZ) 

induced diabetes, myocardial and cerebral ischemia, and inflammatory stressors such as 

LPS-induced septic shock (Shall and de Murcia, 2000a).  Increased resistance to 

inflammatory stress results from defective induction of NFkB in these mice (Boulares et 

al., 2003).  PAPR1 KO mice are also particularly sensitive to carcinogenesis and display 

a shortened life-span (Piskunova et al., 2008).   

 

2.6. PARP1 binding and catalytic activity play a multi-facetted role in 
the nucleus 
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2.6.2. PARP1 is a key player in DNA damage repair  

PARP1 was historically recognized for its involvement in DNA damage repair.  PARP1 

rapidly binds to sites of DNA damage and activates ADP-ribosylation activity, which 

recruits DDR proteins through ADPr recognition domains: PAR binding motif (PBM), PAR 

binding zinc fingers, macrodomains, WWE domains, BRC, PIN domains, and an OB-fold 

(Teloni and Altmeyer, 2016).  The different readers of ADPr can form complexes and 

begin the repair process (Teloni and Altmeyer, 2016). PARP1 sensing and subsequent 

hyper-ADP-ribosylation is involved in double-strand breaks, single-strand breaks, base-

pair excision repair (BER), nucleotide excision repair (NER), non-homologous end joining 

(NEJ), replication fork stability, and homologous recombination.  Double-strand breaks 

are quickly recognized by PARP1, leading to enzymatic activity (Schuhwerk et al., 2017).  

ADP-ribosylation recruits DDR signaling kinase ATM to recruit and phosphorylate H2AX, 

TP53, PARP2, the MRN complex (Mre11/RAD50/NBS1), and SMC1 (Aguilar-Quesada 

et al., 2007; D’Amours and Jackson, 2002; Haince et al., 2007, 2008). In this context, 

PARP1 binds DDR-ATM-yH2AX foci and mediates damage signaling (Aguilar-Quesada 

et al., 2007; D’Amours and Jackson, 2002; Haince et al., 2007, 2008). The DNA DSBs 

repair pathway regulated by the PARP1-ATM axis includes both homologous 

recombination (HR) and non-homologous end-joining (NHEJ) (Aguilar-Quesada et al., 

2007).  For HR, PARP1 recognizes the DSB and recruits the MRN complex, facilitating 

the co-binding of Mre11 onto DNA with replication protein A (RPA) and BRCA1 (D’Amours 

and Jackson, 2002; Haince et al., 2008), thus, limiting the extent of DNA end resection 
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through ADP-ribosylation of BRCA1 (Hochegger et al., 2006). PARP1 can also initiate 

NHEJ and the alternative NHEJ at sites of DSBs through ADP-ribosylation of DNA-

dependent protein kinase catalytic subunit (DNA-PKcs) and Cadherin 2 (CDH2) in a Ku-

70/Ku-80 dependent fashion (Luijsterburg et al., 2016; Ruscetti et al., 1998).   

 During replication stress, ADP-riobsylation activity inhibits ATP-dependent DNA 

helicase Q1 (RECQ1), preventing damaging actions by prematurely restarting the 

replication machinery (Berti et al., 2013). 

Single-strand breaks (SSBs), which are repaired through single-strand break repair 

(SSBR), nucleotide excision repair (NER) rely upon PARP1 catalytic activity (El-khamisy 

et al., 2003; Marintchev et al., 2000). During SSBR, ADP-ribosylation recruits X-ray repair 

cross-complimenting protein 1 (XRCC1), which forms a complex including DNA 

polymerase β, DNA ligase 3 (LIG3), and bifunctional polynucleotide kinase 3ʹ-

phosphatase (PNKP) (El-khamisy et al., 2003; Marintchev et al., 2000).  In the context of 

NER, DNA damage-binding protein 2 (DDB2) will binds and activates PARP1 to recruit 

and ADP-ribosylate chromatin-remodeling helicase amplified in liver cancer protein 1 

(ALC1) (Luijsterburg et al., 2012; Robu et al., 2013).  

  

2.6.3. Chromatin remodeling during DNA damage  

PARP1 binding and catalytic activity influence chromatin accessibility to facilitate safe 

DNA damage repair (Ray Chaudhuri and Nussenzweig, 2017). During DNA repair, ADP-

ribosylation drives ALC1 nucleosome sliding away from the site of damage and relaxation 

of chromatin, to facilitate the recruitment of protein complexes for repair (Ahel et al., 2012; 
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Gottschalk et al., 2009).  ALC1 binds to ADPr via its C-terminal macrodomain, which 

stimulates nucleosome sliding while maintaining the histone octamer, through an N-

terminal ATPase. Under normal conditions, ALC1 is maintained in an auto-repressed 

state, and not until PARP1 activation when it binds to ADPr through its macrodomain is it 

released (Singh et al., 2017). Chromatin remodeling at the periphery of DNA damage is 

facilitated through ADP-ribosylation of SWI/SNF related, matrix associated, actin-

dependent regulator of chromatin, subfamily A 5 (SMARCA5), which binds to ADPr 

through an E3 ubiquitin ligase ring finger protein 168 (RNF168) (Smeenk et al., 2013).  

Additionally, to further relax the chromatin during DDR, ADP-ribosylation activates 

chromatin remodeling protein CHD2, which deposits histone variant H3.3, known to be a 

chromatin-relaxing histone variant (Luijsterburg et al., 2016).   

 Faithful DNA damage repair requires the repression of transcription in the flanking 

regions as a protective mechanism until the repair is completed (Ray Chaudhuri and 

Nussenzweig, 2017).  Activated PARP1 recruits polycomb repressor complex (PRC) 

proteins, nucleosome remodelers, and members of the deacetylase complex (NuRD), 

CHD4 and metastasis protein 1 (MTA1) (Chou et al., 2010).  As such, RNA pol II 

transcription is disrupted, and transcription can be repressed. The recruitment of PRC 

proteins leads to chromatin compaction, deacetylation and PRC-EZH2 driven methylation 

of H3K27 (Chou et al., 2010).  Following UV laser micro-irradiation, PARG inhibition (i.e., 

increased ADP-ribosylation activity) leads to enhanced repression of transcription and 

removal of nascent RNA.  Additionally, during DNA damage repair, the macrodomain of  

MacroH2A1.1 can bind to ADPr chains on PARP1 leading to chromatin compaction which 
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can be abrogated using PARP1 inhibition (Timinszky et al., 2009).  The chromatin 

compaction driven by the binding of ADPr and MacroH2A1.1 alters the binding of DDR 

signaling gH2Ax as well as repair machinery Ku70 and Ku68.  MacroH2A1.1 is immobile, 

and it is thought that chromatin containing this histone variant may be binding PARP1 

though a looping mechanism, although this still needs to be confirmed (Timinszky et al., 

2009). 

  

2.6.4 PARP1 and ADP-ribosylation and the Regulation of Gene 

Expression  

PARP1 regulates transcription via distinct and non-mutually exclusive mechanisms 

including chromatin accessibility, histone modifications, chromatin insulation, DNA 

methylation, serving as a co-regulator of TF function and other chromatin associated 

proteins, and binding to and functioning at gene regulatory loci such as promoters and 

enhancers.  

 

2.6.5 PARP1-Driven Chromatin Decondensation at D. melanogaster 

heat-shock protein 70 (HSP70) loci 

One of the best-characterized examples of PARP1 mediated chromatin decondensation 

is demonstrated at the D. melanogaster heat-shock protein 70 (HSP70) loci. On the 

polytene chromosome, heat-shock very rapidly induces massive chromatin loosening and 

formation of a puff, seen through microscopy and sensitivity to micrococcal nuclease 

(MNase) digestion (Petesch and Lis, 2008).  This functions increase accessibility of the 
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locus to transcription factors and the transcriptional machinery to rapidly induce 

transcription of HSP70 (Boehm et al., 2003).  Rapid loosening of chromatin includes the 

release of nucleosomes from the chromatin (Petesch and Lis, 2008).  PARP1 is a critical 

regulator of this process through ADP-ribosylation of histones, auto-modification resulting 

in release from the chromatin, and rapid recruitment of the transcriptional machinery to 

the gene locus (Petesch and Lis, 2008).  Upon inhibition of PARP1, the heat shock puff 

is disrupted, and the expression of HSP70 is diminished (Tulin and Spradling, 2003a). 

 Additionally, the rapid recruitment of Positive-Transcription Elongation Factor b 

(pTEFb) and RNA-polymerase II (RNA pol-II) is dependent on PARP1 through a 

mechanism called the cage effect of pADP-PARP1 (Zobeck et al., 2010).  Newly released 

auto-modified PARP1 can recruit and keep the transcriptional machinery close to the HS 

puff, facilitating transcription (Zobeck et al., 2010).  Furthermore, these mechanisms work 

in concert with chromatin remodeling protein MI-2 (Murawska et al., 2011).  Mi-2 binds to 

ADPr through a K/R rich domain and is attracted to the heat shock puff, where it enhances 

transcription through interactions with nascent RNA transcripts (Murawska et al., 2011).  

The HS puff is a robust model for its potential mediation of relaxation of chromatin.  

 

2.6.6. PARP1 and the Regulation of Histones and DNA Modification 

Histone methylation 

PARP1 binding at promoters strongly correlates with H3K4me3, a hallmark of active 

transcription (Krishnakumar and Kraus, 2010a).  These promoters are protected from the 
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demethylase KDM5B, which becomes ADP-ribosylated, thus, preventing the removal of 

methyl groups from H3K4 (Krishnakumar and Kraus, 2010a).  However, PARP1, through 

its binding activity, has been also found to repress H3K4me3 through binding to histone 

methyltransferase MLL (Minotti et al., 2015).  Furthermore, in a similar fashion to KDM5B 

inhibition, ADP-ribosylation of KDM4 disrupts the demethylation of repressive 

heterochromatin methylation marks K3K9me2/3 (Khoury-haddad et al., 2014).   

 

Histone acetylation 

Histone acetylation is associated with actively transcribed genes and active chromatin 

states (Wang et al., 2009).  Early in vitro studies suggested a positive link between 

acetylated histones H3/H4 and ADP-ribosylation through binding of acetylated chromatin 

in an ADPr antibody column (Wong and Smulson, 1984).  Furthermore, in human cells, 

transcriptomic studies observed that macroH2A driven gene expression requires PARP1 

and CBP to facilitate acetylation and promote gene expression (Chen et al., 2014). PARP 

can maintain acetylation levels through its antagonistic relationship with SIRT1 

deacetylase (Bai et al., 2011; Mendelsohn and Larrick, 2017).  Sirtuins compete with 

PARP enzymes for intracellular NAD+ pools, and while deacetylation of PARP1 by SIRT1 

can decrease activation, so to can ADPr of SIRT 1 reduce deacetylation activity (Bai et 

al., 2011a; Canto et al., 2011; Cantó et al., 2013). 

 

DNA methylation 
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DNA methylation is an extensive and repressive epigenetic modification and is 

characterized by the addition of 5-methylcytosine (5mc) at CpG islands (repetitive CG 

dinucleotides) via DNA-methyl transferase (DNMT 1, 3A, 3B) (Li et al., 1992). Global DNA 

methylation levels decrease with age; however, there is upregulation at specific loci 

(Horvath, 2013).  PARP1 inhibition results in a global increase in 5mc, which is mediated 

through an ADPr-mediated binding and inhibition of DNMT1 (Caiafa et al., 2009).  

Therefore, PARP is antagonistic of DNA methylation (Caiafa et al., 2009).  ADP-

ribosylation drives CTCF translocation into the nucleus where it protects the genome from 

DNA methylation (Ohanna et al., 2011b; Zampieri et al., 2012).  PARP1 forms a complex 

with CTFC, ChIP-seq analysis revealed co-localization of PARP1 with CTCF binding sites 

and low DNA-methylation areas was observed through a ChIP-seq of PARP1 

(Nalabothula et al., 2015).  

2.6.6. PARP1 and Chromatin insulation 

Insulators are cis-regulatory elements, which control gene expression by blocking the 

interaction of enhancers with promoters or prevent repression through disrupting 

heterochromatinization (Phillips-Cremins and Corces, 2013). PARP1 is implicated in 

insulation through interactions with one of the most essential proteins driving this process, 

CTCF (Yu et al., 2004). CTCF and other insulators are involved in maternal imprinting 

and maintaining repression of H19 imprinting control region, which regulates the 

expression of insulin-like growth factor 2 (IGF2) (Yu et al., 2004).  A study in mouse cells 

demonstrated that ADP-ribosylation of CTCF at the H19 locus is required to maintain 

repression, and PARP inhibitors disrupt chromatin insulation, leading to increased 
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expression. Currently, the exact mechanism by which ADP-ribosylation of CTCF can 

repress chromatin is unclear. 

  

2.6.7 PARP1 and Heterochromatin 

PARP1 is now also recognized as a critical factor for the stability and formation of 

heterochromatin (e.g. at telomeres and pericentromeric regions), repressed chromatin 

states, and X chromosome inactivation (Dantzer and Santoro, 2013).  PARP1 co-localizes 

and ADP-ribosylates chromobox homolog 5 (CBX5), also known as heterochromatin 

protein 1 – involved in heterochromatin complexes, and interactions with repressive 

histone methylation (Quénet et al., 2008).  Compelling evidence displays PARP1 activity 

at the inactive X chromosome in females, wherein heterochromatinization of one of the 

X-chromosomes represses gene expression (Pollex and Heard, 2012). PARP1 -/+; 

PARP2 -/- mice display lethality only in females, and this was due to the improper 

silencing of the second X-chromosome (Pollex and Heard, 2012). The silent X-

chromosome accumulates histone variant macro-H2A1.2, which binds PARP1 and 

inhibits its enzymatic activity, contributing to the formation of heterochromatin and 

silencing (Dantzer and Santoro, 2013; Pollex and Heard, 2012). PARP1 KO decreases 

global levels of heterochromatin marks H3K27me3, H3K9me2/3, H4K20me3, and 

methylated DNA (Ciccarone et al., 2017). Through ADPr of UHRF1, PARP1 mediates the 

stability of H4K20me3, preventing the ubiquitylation of DNMT1 by UHRF1 (De Vos et al., 

2014).  At centromeres, PARP1 colocalizes with centromere protein A and B (CENPA/B) 

and budding uninhibited by benzimidazoles 3 (BUB3), which upon DNA damage activates 
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ADPr activity and dissociation from centromeres (Saxena et al., 2002).  The above 

suggests that unmodified PARP1 is involved in maintaining the condensed chromatin 

found typically at centromeres. In the absence of PARP1 enzymatic activity chromatin 

accessibly is decreased, which can be reversed through its activation; however, ADPr is 

found to recruit heterochromatin forming proteins and complexes during DNA damage 

(as discussed earlier).  

  

2.6.8 Interactions with Histones  

Early In vitro studies observed that ADP-ribosylation of histones lead to relaxed chromatin 

structure through histone modifications. Using purified chromatin, exogenous PARP1 and 

NAD+ reduced chromatin compaction, and higher-order chromatin structure in an NAD+ 

concentration-dependent manner via modification of histones, which was reversible 

through PARG addition (Huletsky et al., 1985, 1989; De murcia et al., 1986; Poirier et al., 

1982).  This argues that the highly negative charge of ADPr is a disruptive and repulsive 

force to DNA.  Accordingly, in the absence of NAD+, PARP1 binding to histones compacts 

DNA structure; however, in the presence of NAD+, PARP1 activity relaxes chromatin 

structure to "a beads on string" conformation, and eventually release nucleosomes from 

chromatin (Kim et al., 2004). 

 PARP1, core histones, and linker histone H1 are the most abundant interaction 

partners on chromatin (Wong and Smulson, 1984). H1 and PARP1 dynamics are 

instructive, and their interplay is a critical component of gene expression (Nalabothula et 

al., 2015).  Linker histone H1 binds to the linker DNA exiting from the core nucleosome 
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and can influence local chromatin structure around promoters.  ChIP-seq of PARP1 

displayed that genomic binding is primarily at actively transcribed genes, in a mutually 

exclusive relationship with H1 (Khoury-haddad et al., 2014; Krishnakumar and Kraus, 

2010a; Nalabothula et al., 2015).  Using purified chromatin, PARP1, and H1 compete for 

the same linker DNA, wherein H1 can exclude PARP1 binding to the nucleosome at this 

position (Kim et al., 2004).  The mechanism by which PARP1 binds to linker DNA 

competes with H1 binding in vivo is still unclear.  

 

2.6.10 PARP1 Binding and Enzymatic Interactions with Transcription 
Factors 

PARP1 co-binding and enzymatic activity functionally impact transcription factors in both 

activating and repressive functions and biological outcomes depending on the context.  

There is also still no unifying mechanism or role for PARP1 in terms of its effects on 

chromatin structure, gene-expression regulation, and so far, it remains at the whimsy of 

its local context and interacting partners.  This section will outline some of the known 

PARP1 interactions with transcription factors. 

 PARP1 interactions, independent of its catalytic function can be instrumental in 

activating TF functions.  PARP1 regulates Retinoic acid receptor (RAR) dependent 

determination of site-specificity and composition of the Mediator complex located at the 

RARβ promoter (Pavri et al., 2005). In the inactive state, the RARβ promoter is bound by 

repressive complexes, including HDACs, NCoR, SMRT, and the Mediator complex, 

including repressive TF CDK8 (Pavri et al., 2005). Upon stimulation with retinoic acid 

(RA), PARP1, through BRCT binding to the Mediator complex facilitates the exchange of 
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the repressive TF CDK8 with activating TF ERCC3/TFIIH (Pavri et al., 2005).  The release 

of CDK8 and the activation of the Mediator complex drives expression of the RARβ gene 

in a PARP1 catalytic-independent fashion (Pavri et al., 2005).  In mouse embryonic stem 

cells, PARP1 interacts with SOX2, a TF that is critical for maintaining pluripotency (Liu et 

al., 2017).  PARP1 localizes at SOX2 binding sites, as shown through a ChIP-seq study 

(Liu et al., 2017).  The DNA binding motifs of PARP1, DBD, and BRCT, together are 

required to bind to nucleosomes containing SOX2 DNA sequence motifs. Co-binding with 

PARP1 is required to overcome the barriers of binding at nucleosomal DNA and is 

independent of ADPr activity.  PARP1 knock-down and inhibition of ADPr decreases the 

efficiency of Yamanaka-factors (KLF4/SOX2/OCT4/c-MYC) to induce pluripotent stem 

cells (Chiou et al., 2013).  Additionally, PARP1, independent of its enzymatic activity, can 

act as a co-activating transcription factor with E2F1, B-MYB and Tax progression and 

growth (Anderson et al., 2000; Cervellera and Sala, 2000; Simbulan-Rosenthal et al., 

2003).  

 PARP1 catalytic activity can be instrumental for its specific binding to DNA. NFAT 

is the master regulator of IL-2 expression upon stimulation (Olabisi et al., 2008).  Nuclear 

factor of activated T-cells (NFAT) is recruited to the nucleus where it forms an activating 

complex with CEBPs, FOS-JUN, FOX3p, CREB/p300 as well as histone acetylases to 

upregulate IL-2 expression (Olabisi et al., 2008).  In this scenario, binding of PARP1 and 

ADP-ribosylation of NFAT acts as a molecular switch to activate expression. During ERK2 

signaling of mouse cardiomyocytes and cortical brain neurons treated with growth factors, 

PARP1 is activated and assists in the downstream activation of ELK1 (Cohen-Armon, 
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2007). Phosphorylation of ERK2 is found to activate the enzymatic activity of PARP1 in a 

phosphorylation-independent and DNA-independent mechanism (Cohen-Armon, 2007).  

PARP1 binds and ADP-ribosylates pERK2, which functions as a complex to increase the 

phosphorylation of ELK1. In the transcriptional control of muscle-specific genes, PARP1 

and its enzymatic activity drive TEF-1 transcription factor binding to promoters and 

enhancers in MCAT elements (Butler and Ordahl, 1999). Cardiac troponin T (cTNT) 

expression is driven by TEF-1 binding at an MCAT1 element, where PARP1 can be co-

immunoprecipitated with TEF1, and inhibiting PARP activity decreased gene expression 

(Butler and Ordahl, 1999). 

 PARP1 catalytic activity also drives the transition from a repressed to a 

transcriptionally active chromatin state through Mammalian Accaete –Scute Homolog-1 

(MASH1) in rat neural stem cells (Ju et al., 2004).  Under normal conditions, MASH1 is 

repressed by a repressive complex containing PARP1, Hairy/Enhancer of split (HES1 

transcription factor), Groucho (GRO)/like enhancer of split 1 (TLE1) (Ju et al., 2004).  This 

repressor complex recruits HDAC1 and repressive SIN3 components (Ju et al., 2004). 

Upon stimulation of PDGF, calcium-dependent protein kinase CaKIId becomes activated, 

and MASH1 is expressed by through the transition of this repressive complex into an 

activating complex.  CaKIId phosphorylates PARP1, leading to its subsequent enzymatic 

activation, which in concert with phosphorylated HES1 (now in a transcriptionally 

promoting conformation) facilitates the site-specific recruitment of activating transcription 

factors.  This transformation is disrupted during PARP1 inhibition (Ju et al., 2004). 
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 PARP1 enzymatic activity can also lead to decreased function of TFs. TGFb is an 

important cytokine that induces phosphorylation of SMAD transcription factors and 

formation of a SMAD2:3:4 TF complex in the nucleus (Feng and Derynck, 2005).  PARP1 

binds to the SMAD complex as shown in co-immunoprecipitation studies of SMAD4 and 

PARP1 (Lönn et al., 2010).  However, upon PARP1 activation, ADP-ribosylation of 

SMAD3 and SMAD4 inhibits gene expression of SMAD2:3:4 bound promoters (Lönn et 

al., 2010). ADP-ribosylation-mediated disruption of expression is a potent barrier to EMT, 

which can occur after the extended exposure to TGFb and in line with these findings, 

PARP inhibitors accelerate EMT (Lönn et al., 2010). 

 During differentiation, PARP1 has an antagonistic relationship with SOX-2, 

contrary to the relationship during stem cell maintenance (Gao et al., 2009; Liu et al., 

2017)  PARP1 acts as a decisive transcription factor, binding to the FGF4 enhancer to 

facilitate its expression as well as ADP-ribosylating SOX-2, leading to its detachment from 

the chromatin (Gao et al., 2009).  In a similar fashion, ADP-ribosylation of CEBPb, 

HOXB7, CREB, YY1, Sp1, or TP53 results in reduced affinity for DNA binding, thus 

inhibiting part of their binding activity (Oei et al., 1997; Simbulan-rosenthal et al., 1999; 

Simbulan-Rosenthal et al., 2000; Wu et al., 2012; Zaniolo et al., 2007).  Interestingly, 

PARP1 catalyzed ADP-ribosylation of TP53 disrupts its binding to the consensus 

sequence, but this may act to stabilize the protein during its upregulation in the early 

stages of apoptosis (Kumari et al., 1998; Simbulan et al., 2001). Furthermore, one of the 

critical transcriptional programs of adipocyte differentiation driven by CEBPb relies upon 

the enzymatic activity of PARP1 (Erener et al., 2012; Luo et al., 2017). ADP-ribosylation 
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of amino acids K133, E135, E139 in pre-adipocytes prevents gene-expression driven by 

CEBPb (Erener et al., 2012; Luo et al., 2017). Only during the differentiation process 

ADPr is removed, and DNA binding activity can start unimpeded (Erener et al., 2012; Luo 

et al., 2017). 

  

   

2.6.9 PARP1 Regulation of Inflammatory Gene Expression 

PARP1 is instrumental in the inflammatory gene expression program. PARP1 KO mice 

are highly resistant to LPS-induced endotoxic-shock (Shall and de Murcia, 2000b).  In 

response to LPS treatment, PARP1 null mice do not accumulate TNF-a, VCAM, ICAM, 

INF-g, P-selectin, iNOS, which is attributed to a complete failure to activate the NFkB 

signaling pathway (Oliver et al., 1999). Furthermore, mice treated with PARP inhibitors 

and challenged with zymosan (a glucan found on the surface of fungi to induce sterile 

inflammation) display diminished recruitment of neutrophils alongside a global and local 

reduction in inflammation, iNOS signaling, and inflammatory cytokine release (Szabó et 

al., 1997a).  The latter is in part due to defective NFkB signaling.  In a glial cell model, 

PARP inhibitors disrupt the expression of IL1b, INOS2, TNF, INFg, which is linked to 

defective p38MAPk downstream phosphorylation of ATF-2, cAMP signaling and p65 

NFkB (Ha, 2004).  Several inflammatory genes are thus affected by the loss of PARP1 

function.  

 The primary pathway highlighted in these functional studies is the PARP1-NFkB 

signaling axis.  NFkB commonly refers to the classical and most common heterodimer 
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containing p65 (RELA) and p50 (NFkB1). Early studies found that PARP1 interacts with 

p50 and p65 in an enzymatic and DNA-independent fashion to facilitate NFkB binding 

shown through induction of a constructed NFkB reporter gene (Hassa et al., 2001). 

Furthermore, this study showed NFkB signaling using a PARP1 -/- complementation with 

a mutated PARP1 that is enzymatically inactive and mutated DNA-binding domain (Hassa 

et al., 2001).  This PARP1-NFkB co-binding is stabilized through acetylation of PARP1 

by CBP/p300 and facilitates the formation of PARP1- NFkB with activating Mediator 

complex (Hassa et al., 2005).  However, contradictory to this, early in vitro studies found 

that ADP-ribosylation strengthened the PARP1-NFkB protein-protein interaction, and this 

interaction was weaker in the presence of a PARP1 inhibitor (Chang and Alvarez-

Gonzalez, 2001).  Besides, auto-modification, PARP1 can facilitate the gene-regulatory 

activities by increasing the DNA binding capacity of NFkB (Nakajima et al., 2004). PARP 

inhibition reduces the expression of LPS induced TNFa in a dose-dependent manner 

(Nakajima et al., 2004).  Furthermore, a study in macrophage during LPS challenge found 

that PARP1 ADP-ribosylates histones at the promoters of IL1b, MIP-2, and csf2, to recruit 

NFkB, as well as maintain an open chromatin structure for the increase expression 

(Martinez-Zamudio and Ha, 2012).  They found that LPS stimulation induces upregulation 

of ADP-ribosylation of histones, with H3 being the most favored (Martinez-Zamudio and 

Ha, 2012). This ADP-ribosylation activity is driven through toll-like receptor 4 signaling 

(TLR-4), which activates the phosphorylation of MEK1/2 and downstream ERK, which is 

a known activator of PARP1 (Martinez-Zamudio and Ha, 2012).  In the LPS challenge, 
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treatment with a MEK1/2 inhibitor blocks PARP1 activation and ADP-ribosylation of 

histones (Martinez-Zamudio and Ha, 2012). 

 Additionally, the regulation of CXCL-1 expression present further insight into the 

mechanisms by which PARP1 controls expression in collaboration with NFkB (Amiri et 

al., 2006). In normal melanocytes, enzymatically-inactive PARP1 binds to the CXCL1 

promoter, represses expression, and prevents NFkB binding (Amiri et al., 2006). 

However, in the malignant melanoma setting, PARP1 becomes active at this promoter, 

which results in NFkB binding (Amiri et al., 2006).  PARP1 auto-modification leads its 

release from the promoter, facilitating NFkB binding (Amiri et al., 2006).  PARP1 inhibition 

leads to the downregulation of CXCL1 expression, while PARP1 depletion leads to an 

increase in its expression (Amiri et al., 2006).  It may also be possible that this catalytic 

activity plays a role in recruiting NFkB to the CXCL1 promoter site.  

 Together, these findings exemplify the complexity of PARP1 in gene-regulation. 
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2.7 Role of PARP1 Binding and Catalytic Activity in Physiology and 
Pathophysiology 

PARP1 displays a wide range of nuclear, metabolic, and regulatory functions. Thus, it 

stands to reason that PARP1 dysfunction is a significant contributor to human 

pathologies.  Human pathologies, especially those in which oxidative stress or 

inflammation plays a vital role, are accompanied by an elevated level of ADPr; however, 

a causative role for ADPr is still in question for many pathologies (Pacher and Szabo, 

2008).  Over-activated PARP can lead to a dangerous level of inflammation, ROS, iNOS, 

as well as NAD+ depletion-driven necrosis (Ha and Snyder, 1999).  In the context of 

cardiovascular disease, PARP1 activity exacerbates injury by generating iNOS and 

increased inflammation in vascular endothelial cells, which can lead to rigidity of the 

vasculature (Szabó et al., 1997b). During hypertension, angiotensin II signaling increases 

cellular levels of NADPH and peroxynitrate, which drive DNA strand breaks and 

subsequent PARP1 overactivation (Szabó et al., 1997b). PARP1-mediated injury can be 

attenuated through the use of PARP inhibitors (Szabó et al., 1997b).  In diabetes, PARP1 

can worsen vascular conditions through similar mechanisms, wherein mitochondrial 

dysfunction causes superoxide from mitochondrial complex III, which leads to 

peroxynitrate production and DNA damage.  Besides, PARP1 overactivation disrupts 

GAPDH function further exacerbating metabolic distress (Du et al., 2003).  PARP1 levels 

and ADP-ribosylation are also elevated in asthma, wherein PARP inhibition facilitated 

recruitment of CD4+ T-cells through IL-17 signaling ameliorating the condition (Ghonim 

et al., 2015).   
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2.7.1 Role of PARP1 in Cancer 

PARP1 KO mice are significantly impaired in their ability to repair damaged DNA, which 

contributes to their increased rate of carcinogenesis, especially after exposure to DNA 

damaging agents such as cigarette smoke, asbestos, Helicobacter pylori infection, 

increases the rate of carcinogenesis when PARP1 is depleted (Masutani and Fujimori, 

2013; Tsutsumi et al., 2001). PARP1 controls epigenetic stability and plasticity through, 

for example, maintenance of DNA methylation and chromatin insulation through CTCF 

interactions as mentioned earlier (Caiafa et al., 2009).  Changes in DNA demethylation 

and chromatin accessibility, working in concert with PARP1, are an essential step in the 

reprogramming of cells to pluripotent stem cells and are involved in malignant 

transformation (Masutani and Fujimori, 2013; Yu et al., 2004).  Although PARP1 can block 

EMT through attenuating TGFb-SMAD2:3:4 signaling, malignant transformation can be 

exacerbated through increased PARP1-mediated inflammatory signaling and secretion 

of matrix remodeling metalloproteases (MMPs) (Mabley et al., 2002).   

 

2.7.2. PARP1 Inhibitors in Cancer Therapy 

Many PARP inhibitors are to-date employed in cancer therapy based on the hypothesis 

that PARP1 inhibition leads to increased DNA damage, and therefore PARP inhibitors 

are used extensively in BRCA1/2 mutated breast and ovarian cancers (D’Andrea, 2018). 

For example, Olaparib shows synthetic lethality in mutated BRAC1/2 cancers and is 

already approved as a first line treatment in the clinic (Tutt et al., 2010).  With the 
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impairment of DNA damage repair in BRCA1/2 mutant cancer cells, PARP1 inhibition 

further increases genomic instability, eventually inducing cell death (Tutt et al., 2010). 

Besides, combination therapies using genotoxic agents, such as topoisomerase inhibitors 

or doxorubicin together with PARP1i, exacerbate genotoxicity (Muñoz-Gámez et al., 

2005).  The exploration of PARP1 inhibition in cancer therapy has immense potential, 

especially, as we know now that the roles of PARP1 go beyond DNA damage repair.  

 

2.7.3. PARP1 and Aging 

PARP1 is also an exciting target for other age-related pathologies other than cancer. 

Indeed, using a classical hyperglycemic C. elegans aging model Olaparib was able to 

rescue the shortened life-span of these worms (Xia et al., 2017).  PARP1 is an essential 

contributor to the cellular NAD+/NADH ratio, and NAD+ has been implicated for many 

years as a life-extending agent initially from the work of David Sinclair and Leo Guarente 

(Anderson et al., 2003).  NAD+ decreases with age, and supplementation has been found 

to increase life-span in mice (Imai and Guarente, 2016).  In aging cells, PARP1 has a 

decreased accessibility to NAD+ as it becomes sequestered by DBC1 (Deleted in breast 

cancer 1 protein) (Li et al., 2017).  These studies usually link the decrease in NAD+ with 

decreased sirtuin activity; however, there is also decreased PARP1 activity with age, and 

an inability to maintain genomic stability as a result (Mendelsohn and Larrick, 2017).  

Despite early indications that PARP1 activity plays a role in aging through SIRT 

interactions, there are still many unknowns (Bai et al., 2011b; Mouchiroud et al., 2013).  

On the one hand, there is the upside in inhibiting PARP1 to ablate associated 
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inflammaging; on the other hand, there is the downside in the potential increase of genetic 

instability and carcinogenesis.   

  



 ROBINSON Lucas – Thèse de doctorat – 2019 

86 

3. Thesis Rationale, Aims and Hypothesis 

 Cellular senescence is a durable cell cycle arrest induced by diverse forms of 

cellular stress. It is characterized by cell death resistance as well as an inflammatory gene 

expression. This complex pro-inflammatory response is known as the senescence-

associated secretory phenotype (SASP), which can modulate senescence status, tissue 

microenvironment, and interactions with immune cells. The execution of the senescence 

program goes hand-in-hand with a large-scale restructuring of the epigenetic landscape.  

While select genetic and epigenetic elements crucial for senescence induction have been 

identified, the dynamics, underlying mechanisms, and regulatory networks defining 

senescence competence, induction and maintenance remain poorly understood, 

precluding a deliberate therapeutic manipulation of these dynamic processes.  

 Mounting evidence supports a role of PARP1, as a chromatin-based transcriptional 

co-regulator of genes involved in inflammation and cancer, in addition to its canonical role 

in DNA damage repair. The moonlighting functions of PARP1 as a chromatin-based 

transcriptional co-regulator are underexplored, and clinical focus has remained mainly on 

its role in DNA repair for its efficacy in cancer therapies.   

 As a nuclear protein, PARP1 binding and catalytic activity directly affects higher-

order chromatin structure through binding to DNA, binding and modifying histones, 

regulating histone modifications (acetylation, methylation), DNA-methylation, chromatin 

insulation through CTCF interactions, as well as modulation of gene expression through 

promoter and enhancer-binding and interactions with transcription factors.  PARP1 is a 

driver of inflammatory gene expression through interactions with NFkB. Given the 
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parallels between the SASP and inflammatory responses, and the chromatin-based 

regulation of inflammatory gene expression by PARP1 enzymatic activity, it is of interest 

to establish the function of PARP1 in the transcriptional control in senescent cells. 

  

3.1. Thesis Aims  

 My PhD thesis aims at closing these critical gaps in our knowledge by 

characterizing the gene-regulatory role of PARP1 in the execution and maintenance of 

senescence by combining reverse genetics and pharmacological inhibitors with 

transcriptome, chromatin accessibility (ATAC-seq), genome-wide PARP1 (by ChIP-seq) 

and ADP-ribosylated chromatin profiling (using a novel technique termed CRAP-seq).  

Specifically, I proposed to: 

Aim 1: Delineate the individual contributions of PARP1 chromatin-binding and enzymatic 

activity in regulation of senescence gene-expression.    

Aim 2: Determine the impact of PARP1 chromatin binding and ADP-ribosylation of 

chromatin associated proteins on the epigenetic landscape and structural changes that 

occur during senescence.  

Aim 3: Establish the functional partners by which PARP1 binding and enzymatic functions 

regulate the senescence gene expression program.  

Aim 4: Evaluate the potential of PARP1 inhibitors as senescence-eliminating drugs 

(seonlytics), and a new treatment paradigm for PARP inhibitors in cancer therapy.  
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3.2. Hypothesis: 

 Together, my Ph.D. thesis will define a novel and global role for PARP1 in the 

regulation senescence-associated gene regulation and chromatin structure both through 

its prevalent and direct interaction with chromatin and its enzymatic modification of 

chromatin components. An expanded understanding of how PARP1 function contributes 

to senescence will therefore open new therapeutic in-roads aimed at establishing PARP 

inhibitors in a new senescence treatment paradigm. 
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4. Results 
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4.1 PARP1 enzymatic activity and ADP-ribosylation are increased in 
OIS 

PARP1 is the most abundant nuclear PARP family member catalyzing the majority of 

ADP-ribosylation from NAD+ onto target proteins and playing an essential role in gene 

regulation (Bai, 2015; D’Amours et al., 1999; Kraus and Lis, 2003). Genome-wide 

chromatin ADP-ribosylation analysis of chromatin still poses a significant challenge due 

to the lack of robust experimental methodologies. To overcome this limitation, we 

developed a novel “Chromatin ADP-ribosylation Affinity Purification Sequencing (CRAP-

seq)” method to detect and track genome-wide PARP1-mediated changes in chromatin-

associated ADP-ribosylation in senescence (Figure 1A). This method relies on metabolic 

pulse labeling with biotinylated NAD+ as previously introduced by (Zhang and Snyder, 

1992), followed by nuclear fractionation and micrococcal nuclease (MNase) digestion of 

the isolated chromatin fraction. ADP-ribosylated chromatin fragments are then affinity-

purified with streptavidin (SA)-coupled beads, and bound proteins are analyzed by 

Western blotting (CRAP-WB) (see figures 1 and 2) or DNA is analyzed by high-throughput 

sequencing (CRAP-seq) (see Figure 4). 
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Figure 1: Outline and validation of Chromatin ADP-ribosylation Affinity Purification 
(CRAP) method A.  Digitonin-permeabilized cells are metabolically labelled with biotinylated-NAD+. Chromatin 
is isolated and digested with Micrococcal nuclease (MNase). ADP-ribosylated chromatin is affinity-purified by 
streptavidin-coupled beads (SA-AP) coupled beads and analysed by high-throughput sequencing (CRAP-seq) or 
Western Blot (CRAP-WB). B. Cells were labelled with biotinylated-NAD+ (20 µM) and treated with H2O2 (500 µM) for 
15 minutes either alone or together with PARPi PJ34 (50µM), or niraparib (30µM) for 2 hours prior to 
H2O2 treatment.  Equal loading was controlled with Ponceau staining, and blots were stained with IRDye 800CW 
Streptavidin (Licor).  1% input is shown in the left blot. ADP-ribosylation levels (primarily automodification of PARP1 
and histones) represent the enzymatic activity of PARP1.  C. Cells expressing two independent doxycycline-inducible 
shPARP1 retroviral vectors (1952 and 1706). PARP1 silencing was induced for seven days with doxycycline 
(10µg/mL).  Relative mRNA levels were measured by RT-qPCR. Values represent mean relative expression (n=3) +/- 
s.e.m. D. Cells were infected with doxycycline-inducible retroviral vector expressing shPARP1-1952. PARP1 silencing 
was induced for seven days with doxycycline (10µg/mL). Western blot analysis with antibodies to PARP1 and histone-
H3 for loading control.  Densitometric quantification of PARP1 signal is shown in the bar plot as a function of time in 
days (D) after PARP1 silencing.  E. CRAP-WB analysis with antibodies to PARP1, histone H3 and IRDye-800CW 
Streptavidin (SA-Dye) of H2O2 treated cells following PARP1 silencing or PARP enzymatic inhibition. 
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To validate our method, we first treated cells with a sub-lethal dose of hydrogen 

peroxide (H2O2) to hyper-induce PARP1 enzymatic activity (Ba and Garg, 2011). We 

observed a substantial and global increase in ADP-ribosylated proteins only in the 

chromatin fraction of cells labeled with biotinylated-NAD+, affecting primarily 

automodification of PARP1 (ADPr-PARP1) (Bartolomei et al., 2016), representing PARP1 

enzymatic activity, and ADP-ribosylation of histones, known PARP1 targets (Figure 1B, 

compare lanes 1-2 and 5-6). Importantly, ADP-ribosylation of target proteins was 

markedly diminished by pre-treatment of cells with two selective PARP1/2 inhibitors 

(PARPi’s), PJ34 and niraparib (Hopkins et al., 2018) (Figure 1B, compare lanes 3-4 and 

7-8).  

 To study the relative contribution of PARP1-mediated ADP-ribosylation of target 

proteins more directly and compare it with PARPi treatment, we depleted PARP1 in cells 

using doxycycline-inducible retroviral shRNA vectors (shPARP1-1952 and -1706). Both 

shRNAs effectively reduced PARP1 transcript levels by approximately two-fold (Figure 

1C) and PARP1 protein levels decreased approximately two-fold as soon as two days 

after shRNA-induced PARP1 silencing, reaching a maximum five-fold reduction at day 

seven (D7) (Figure 1D). Overall PARP1-depleted cells showed a less prominent, but still 

robust reduction in ADPr-PARP1 and -H3 levels, when compared to PARPi PJ34-treated 

cells (Figure 1E, compare lanes 4-6).  

 



 ROBINSON Lucas – Thèse de doctorat – 2019 

93 

  
Figure 2: PARP1 enzymatic activity and ADP-ribosylation levels are increased in 
OIS cells. A. Gene expression profiling of select genes in proliferating and OIS cells. B. Quantification of EdU 
incorporation and senescence-associated beta galactosidase (SABG) staining in proliferating and OIS cells. C. 
Representative microscopy images of OIS and proliferating cells stained for EdU, SABG and DAPI. Scale bar, 20mM. 
D. Proliferating and 4OHT-induced ER:RasV12 OIS cells (at day seven after induction) were treated with biotinylated-
NAD+ (20 µM) alone or together with PARPi PJ34 (50 µM) for 2 hours. ADP-ribosylated chromatin was purified as 
outlined in Figure 1A. Western Blot was performed with antibodies directed against PARP1, histone-H3 and IRDye 
800CW streptavidin (SA-Dye). PARP1 automodification signal (ADPr-PARP1) corresponding to size of PARP1 is also 
shown. 
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Having established the validity of our CRAP method, we then asked whether chromatin-

associated PARP1 enzymatic activity and ADP-ribosylation levels are altered in cells 

undergoing RAS-OIS when compared to proliferating cells (Figure 2A-C). While PARP1 

protein levels remained unchanged in proliferating and RAS-OIS cells (Figure 2D, lanes 

1-4), RAS-OIS cells had largely increased PARP1 enzymatic activity as evidenced by 

their much higher PARP1 automodification (ADPr-PARP1) and histone H3 ADP-

ribosylation (ADPr-histone H3) levels (Figure 2D, compare lanes 5 and 6). Importantly, 

treatment of RAS-OIS cells with PARPi PJ34 substantially decreased ADPr-PARP1 and 

-H3 levels (Figure 2D, lanes 7-8) underscoring further the prime role of PARP1 in 

chromatin-associated ADP-ribosylation in RAS-OIS cells. 

 Altogether, our results establish CRAP as a methodology to accurately monitor 

chromatin-associated PARP1 enzymatic activity and -ADP-ribosylation levels and 

demonstrate that RAS-OIS cells have substantially increased PARP1 enzymatic activity 

and -ADP-ribosylation levels.  

 

4.2 Experimental outline to measure the differential impact of PARP1 

depletion and enzymatic inhibition on the RAS-OIS gene expression 

program 

If and how PARP1 regulates gene expression during senescence and whether or not 

PARP1 chromatin binding and chromatin-associated ADP-ribosylation play distinct roles 

in this process are open questions. 

To address these questions, we employed time-series experiments on WI38 

fibroblasts undergoing oncogene-induced senescence (OIS) using a tamoxifen-inducible 
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ER:RASV12 expression system as previously described (Figure 3A) (Puvvula et al., 

2014b) (Zamudio et al., 2019). We determined global gene expression profiles by 

microarrays and mapped the full set of accessible chromatin sites by ATAC-seq at 

indicated points and different treatment regimen (green spheres PARP1 depletion; red 

spheres, PARPi PJ34 treatment). From accessible chromatin regions determined by 

ATAC-seq, we deduced TF binding dynamics. Cells intended for PARP1-seq and CRAP-

seq (blue spheres) were obtained at three and two time-points, respectively, as indicated. 



 ROBINSON Lucas – Thèse de doctorat – 2019 

96 

 
Figure 3: Differential impact of PARP1 depletion and enzymatic inhibition on the 
senescence gene expression program. A. Experimental outline. Time-resolved study of RAS-OIS WI-
38 Fibroblasts (transcriptome, ATAC-seq, PARP1-seq, and CRAP-seq), treatments with PARP1i PJ34, and PARP1KD 
with shRNA. B. Transcriptome data quality heatmap as determined by sample clustering. Heatmap of the sample-to-
sample distances estimated using Pearson correlation of time-resolved transcriptome data sets for biological replicates 
of: RAS-OIS (RAS_Rep 1 and -2), RAS-OIS PARP1 depletion (KD) (shPARP1-1952 (KD_Rep 1) and -1706 (KD_Rep 
2), and RAS-OIS PJ34-treatment (PJ). C. Venn diagram of differentially expressed genes (DEGs) in RAS-OIS (RAS), 
PJ34-treated RAS-OIS (PJ_Rep 1 and -2), and the PARP1 knock-down (KD) RAS-OIS cells. Numbers outside the 
circles correspond to total DEGs per treatment, while those inside indicate the number of overlapping DEGs between 
treatments. D. GAGE-based gene set enrichment statistic for the 10 top gene sets of significantly enriched (adjusted 
p-value < 0.075) RAS-OIS DEGs affected by PJ34 and PARP1 KD treatment. E. Proportion of RAS-OIS DEGs affected 
by PJ34 and PARP1 KD treatment grouped as a function of their expression level. Genes were grouped into quantiles 
according to their expression decile in low (Q1 - Q3), medium (Q4 - Q7), and high (Q8 - Q10). For each category the 
proportion of PJ and KD DEGs is represented using the total number of DEGs. Lines represent the expected proportion 
of DEGs calculated over the 6204 genes that are differentially expressed in at least one of the time course 
transcriptomes. 
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4.3 Differential impact of PARP1 depletion and enzymatic inhibition on 
the RAS-OIS gene expression program 

To determine the impact of PARP1 enzymatic inhibition and PARP1 depletion have on 

the senescence transcriptional program we treated RAS-OIS cells either with PARPi PJ34 

for 24 hrs or stably silenced PARP1 expression with our two validated shRNAs for PARP1 

for seven days (Figure 3A). Time-resolved transcriptomic analysis revealed that PJ34 

treatment and PARP1 depletion differentially impacted the senescence transcriptional 

program (Figures 3B and -C).  PJ34 treatment caused the differential expression of 1841 

genes in total, 536 of which were differentially expressed and 1305 stably expressed in 

RAS-OIS cells. PARP1 silencing affected 1283 genes in total, 484 of which were 

differentially expressed, and 799 stably expressed in RAS-OIS cells (Figure 3C).  

Remarkably, PARPi PJ34 treatment and PARP1 silencing communally affected only 95 

genes strongly arguing in favor of separable enzymatic and non-enzymatic roles for 

PARP1 in gene regulation. Functional overrepresentation analyses of differentially 

regulated genes (DEGs) in RAS-OIS affected by PJ34 treatment or PARP1 depletion 

highlighted distinct biological pathways for each treatment (Figure 3D). For example, 

PJ34 treatment had significant effects on genes involved in ubiquitin-mediated 

proteolysis, NOD-like receptor signaling, and apoptosis, while PARP1 depletion affected 

strongly the expression of genes involved in ribosome biology and regulation of actin 

cytoskeleton. To further refine PARP1 function in the transcriptional regulation of RAS-

OIS, we divided RAS-OIS DEGs affected by PARPi PJ34 treatment or PARP1 depletion 

into three quantiles representing lowly (L), medium (M) and highly (H) expressed genes. 

This analysis revealed that PJ34 treatment predominantly affected the expression level 
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of lowly differentially expressed genes in RAS-OIS, while medium expressed genes were 

only marginally affected and highly expressed not at all (Figure 3E, left panel). By 

contrast, the effect of PARP1 depletion on lowly expressed genes in RAS-OIS was only 

moderate (Figure 3E, right panel). 

 We conclude that PARP1 exercises a hither-to underappreciated global gene-

regulatory role in RAS-OIS, with functionally disparate enzymatic and non-enzymatic 

roles in the transcriptional regulation of lowly expressed genes.  
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Figure 4: Validation of K/S metric to measure changes in ADP-ribosylation in 
RAS-OIS. A. Average CRAP-seq read coverage is shown for active enhancers associated to 
differentially expressed genes according to their expression level at day 6 of RAS OIS induction: low (Q1 
- Q3), medium (Q4 - Q7) and high (Q8 - Q10). The distribution was calculated for the MINUS (above) and 
PLUS (below) biotin-NAD+ conditions and for day zero (black) and day six (red) after RAS-OIS induction 
time points. Kolmogorov-Smirnov statistic was used, which quantifies the distance between the empirical 
distribution function of the signal between any two samples, which we called K/S metric. This test can be 
applied to the distribution of the CRAP-seq signal calculated over any set of annotations, e.g. TSSs, 
enhancers, as the average read coverage normalized by size. To quantify the gain in ADP-ribosylation 
between day zero and six, the alternative hypothesis will be that the empirical distribution function of day 
zero is not greater than that of day six 6. When applied to the comparison of the CRAP-seq signal 
between day zero and six, the K/S metric reproduces the global increase in ADP-ribosylation measured 
by CRAP-WB (Figure 2D). The K/S metric detects a significant increase only for the PLUS biotin-NAD+ 
condition and not for the MINUS biotin-NAD+, indicating that it efficiently distinguishes biologically 
relevant differences. B. Empirical distribution function of CRAP-seq signal at active enhancers at days 
zero and six of RAS OIS induction. Cumulative distributions of the CRAP-seq signal as plotted in panel 
4A.
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4.4 PARP1 regulates chromatin-associated ADP-ribosylation at 

enhancers to fine-tune the transcription of lowly expressed genes  

Given that inhibiting the enzymatic activity of PARP1 affected mainly the expression of 

lowly expressed genes in RAS-OIS, we focused our attention on the gene-regulatory role 

of ADP-ribosylation at these genes. To this effect, we first mapped genome-wide ADP-

ribosylation changes using CRAP-seq between day zero (D0) and six (D6) after RAS-OIS 

induction (see Figure 1A) and correlated chromatin-associated ADP-ribosylation profiles 

(Figure 4A and -B) with our previously published RAS-OIS chromatin states (Figure 5A) 

(Zamudio et al., 2019). Our analysis revealed that ADP-ribosylation is strongly enriched 

(approximately 10-100-fold) at enhancers as well as unmarked chromatin, and particularly 

at active enhancers at day six post OIS induction, when compared to transcriptional start 

sites (TSS) and polycomb-repressed chromatin, which is in line with previous findings 

(Bartolomei et al., 2016).  These data imply that ADP-ribosylation plays a critical role at 

active enhancers. To further define the role of enhancer-associated ADP-ribosylation, we 

investigated whether ADP-ribosylation at active enhancers correlated with any of the 

three gene expression quantiles as defined in Figure 3. We previously published that 

there is a tight correlation between OIS enhancer activation and the expression of their 

nearest genes (Zamudio et al., 2019). As shown in Figure 5B, we found that gains in ADP-

ribosylation levels at day six post-RAS-OIS induction were highest at active enhancers of 

lowly differentially expressed genes progressively declining at active enhancers of 

medium and highly expressed genes. Interestingly, we observed this correlation also in 

stably expressed genes (SEGs) in RAS-OIS (Figure 5B, left panels). By contrast, the 

loss of enhancer ADP-ribosylation did not correlate significantly with gene expression 



 ROBINSON Lucas – Thèse de doctorat – 2019 

101 

quantiles in RAS-OIS (Figure 5B, right panels). These data indicate that a gain of ADP-

ribosylation at active enhancers plays a regulatory role of lowly expressed genes in RAS-

OIS. We then asked whether changes in ADP-ribosylation occurred preferentially at 

active enhancers of RAS-OIS-specific genes sensitive to PARP1 enzymatic inhibition by 

PARPi PJ34 (Figure 5C). Indeed, gains in ADP-ribosylation were highest at active 

enhancers of RAS-OIS-specific genes sensitive to PJ34 (OIS-PJ) when compared to 

RAS-OIS-specific genes insensitive to PJ34 (OIS only) and stably expressed RAS-OIS 

genes sensitive to PJ34 treatment (PJ only) (Figure 5C). To investigate how ADP-

ribosylation at active enhancers impacts transcriptional outcomes, we then plotted gene 

expression changes upon PJ34 treatment against quantiles of ADP-ribosylation gain in 

RAS-OIS (Figure 5D). This analysis revealed that PJ34 treatment of RAS-OIS cells 

preferentially dysregulates (i.e. genes become up- or down-regulated) the transcription of 

lowly expressed genes whose enhancers have the greatest gains in ADP-ribosylation (Q9 

and -10), irrespective of whether these genes are stably (SEGs) (Figure 5D, left panels) 

or differentially (Figure 5D, right panels) expressed (DEGs) in RAS-OIS. 

 Altogether, our analysis uncovers a new layer of complexity to ADP-ribosylation-

mediated gene regulation by demonstrating that PARP1-mediated ADP-ribosylation of 

enhancers fine-tunes the transcription of lowly expressed genes.  
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Figure 5. PARP1 regulates chromatin-associated ADP-ribosylation at enhancers 
to fine-tune the transcription of lowly expressed genes. A. ADP-ribosylation was 
determined by CRAP-seq in cells undergoing RAS-OIS at day six after OIS induction. Log10-fold changes 
in ADP-ribosylation using the K/S metric were plotted against indicated chromatin states as described 
previously (Zamudio et al., 2019). B. Gain (left) and loss (right) in ADP-ribosylation were measured using 
the K/S metric in active enhancers at day six and associated to stably (SEGs) and differentially expressed 
genes (DEGs) as a function of expression quantiles (see Figure 3) at day six. C. Bar plot depicting 
changes in ADP-ribosylation at active enhancers of genes at day six of RAS-OIS the expression of which 
is affected by OIS only, PJ34-treatment only, or OIS-PJ34-treatment. D. Log2-fold changes of OIS DEGs 
and -SEGs after 24 hrs of PJ 34 treatment of RAS-OIS cells at day six after OIS induction is plotted as a 
function of log2-fold changes in ADP-ribosylation quantiles at associated active enhancers. 
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4.5 PARP1-mediated ADP-ribosylation modulates chromatin 
accessibility of active RAS-OIS enhancers  

Chromatin accessibility is determined by the degree of nucleosomes, as well as TFs and 

other chromatin-binding factors, to contact chromatinized DNA physically (Klemm et al., 

2019). Whether chromatin-associated ADP-ribosylation effects chromatin accessibility 

genome-wide is currently not known. 

To determine how ADP-ribosylation affects chromatin accessibility at ADP-

ribosylated active enhancers first, we overlaid ADP-ribosylation profiles, as determined 

by CRAP-seq, with accessible chromatin regions as determined by ATAC-seq in RAS-

OIS cells. While gains in chromatin accessibility were independent of enhancer-

associated increases of ADP-ribosylation (Figure 6A, left panel), loss of chromatin 

accessibility was positively correlated to enhancer-associated increases of ADP-

ribosylation (Figure 6A, right panel). Next, we determined the effect of PARPi PJ34 on 

chromatin accessibility of these active enhancers. Remarkably, we found that inhibition 

of PARP1 enzymatic activity resulted both in gains (Figure 6B, top panels) and losses 

(Figure 6B, bottom panels) of chromatin accessibility as a function of ADP-ribosylation 

levels at active enhancers that either gain or lose chromatin accessibility in RAS-OIS. We 

conclude that PARP-mediated ADP-ribosylation of active enhancers fine-tunes chromatin 

accessibility. 
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Figure 6: ADP-ribosylation modulates chromatin accessibility of active RAS-OIS 
enhancers. A. Gain and loss of in DNA accessibility is measured as the normalized ATAC-seq 
coverage. Log2 fold change of DNA accessibility at active enhancers in RAS-OIS cells between day zero 
and six after OIS induction is plotted against log2 fold changes in ADP-ribosylation quantiles (Q1-10). B. 
Log2 fold change of DNA accessibility at active enhancers at day six 24 hrs after PARPi PJ34 treatment 
is plotted according to the corresponding log2 fold change in ADP-ribosylation quantiles. Distributions are 
shown for active enhancers gaining accessibility (left) and those losing (right) accessibility during RAS 
OIS induction at day six. 
  



 ROBINSON Lucas – Thèse de doctorat – 2019 

105 

4.6 Active ADP-ribosylated RAS-OIS enhancers are enriched for select 
TF binding sites 

The mechanism of enhancer-associated ADP-ribosylation to fine-tune chromatin 

accessibility and the RAS-OIS gene expression program likely include the differential 

recruitment of TFs (Hassa and Hottiger, 1999; Liu et al., 2017; Olabisi et al., 2008).  Our 

ATAC- and CRAP-seq data sets allow us to quantify TF binding sites in ADP-ribosylated 

active RAS-OIS enhancers. We previously established that ATAC-seq is a reliable 

method to deduct TF-binding sites (TFBSs) in silico (Zamudio et al., 2019).  Plotting the 

ADP-ribosylation signal of active RAS-OIS enhancers against TFBSs showed significant 

enrichment for select TFs, notably SREBF2, TBX1, RARB, PAX5, and SMAD2:3:4 

(Figure 7). Interestingly, PARP1 functionally and physically interacts with SMAD2:3:4 and 

RARB and SMADs are ADP-ribosylated by PARP1 (Dahl et al., 2014; Izhar et al., 2015). 

These data suggest that enhancer-associated ADP-ribosylation is involved in the 

recruitment of select TFs to active RAS-OIS enhancers to fine-tune the transcription of 

associated genes. 
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Figure 7: Active ADP-ribosylated RAS-OIS enhancers are enriched for select TF 
binding sites. A. Transcription factor (TF) ranking at ADP-ribosylated enhancers in RAS-OIS. TF-
footprinting was performed as described previously (Zamudio et al., 2019), Highest coincidence between 
ADP-ribosylated enhancers and TFBSs is seen on the right side of the plot. Top TFs are indicated. 
 

  

  



 ROBINSON Lucas – Thèse de doctorat – 2019 

107 

4.7 PARP1 binding is enriched at transcription start-sites to regulate 
the RAS-OIS transcriptional program 

We have shown that PARP1 depletion and the enzymatic inhibition of PARP1 

differentially impact the RAS-OIS gene expression program (Figure 3C) and that the 

enzymatic function of PARP1 and ADP-ribosylation are predominantly linked to RAS-OIS 

enhancer activation (Figures 5 and 6).  Together, these results strongly suggest that 

PARP1 also regulates transcription in a manner independent of enhancer-associated 

ADP-ribosylation, most likely through direct binding to other cis-regulatory elements. We, 

therefore, mapped PARP1 binding genome-wide during RAS-OIS.  Previous PARP1-seq 

analysis failed to define the genome-wide PARP1 binding profile because only a 

chromatin-feature centric approach was applied (Liu et al., 2017; Nalabothula et al., 2015) 

and because of PARP’s inherent nucleosomal binding activity (Martínez-Zamudio, 2012) 

and potentially non-optimal PARP1-seq conditions. To overcome this technical impasse, 

we optimized a new crosslinking ChIP-seq protocol (X-ChIP-seq) pioneered by Henikoff 

and co-workers (Orsi et al., 2015) and used a “spike-in” ChIP-seq approach comparing 

PARP1 binding in control OIS and PARP1-depleted cells using our validated shRNAs 

against PARP1. Applying these two modifications allowed us to separate real PARP1 

binding events from background binding unequivocally, and thus to faithfully identify 

genome-wide PARP1 binding sites (Figure 8A). We found that PARP1 binds extensively 

throughout the genome behaving essentially like a histone, which was corroborated by 

its interaction with histone H3 in co-immunoprecipitation experiments (Figure 8B).  
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Figure 8: PARP1 binding is enriched at transcription start-sites to regulate the 
RAS-OIS transcriptional program. A. PARP1 meta-profiles in control and PARP1-depleted 
(shPARP1-1952 and -1706) RAS-OIS cells at enhancers and gene bodies. RAS-OIS cells were treated 
for three days with doxycycline to reduce PARP1 protein levels to 50% (see Figure 1E). B. Co-
immunoprecipitation using WI-38 fibroblasts of histone H3 with PARP1, conducted with two independent 
PARP1 antibodies AM (Active Motif Cat#39561) and SC (Santa-Cruz, Cat#sc-7150), with Igg as an 
immunoprecipitation control C. PARP1 binding instances in control and PARP1-depleted (shPARP1-
1952 and -1706) RAS-OIS cells as a function of chromatin state (Zamudio et al., 2019). PRC, polycomb-
repressed chromatin. D. PARP1 binding profiles 500 bp up- and downstream of TSSs in RAS OIS cells 
for SEGs and DEGs sensitive to PARPi PJ34 treatment and PARP1 depletion. E. Spatial phasing of 
PARP1 binding proximal to TSSs in control and PARP1-depleted (shPARP1-1952 and -1706) RAS-OIS 
cells. Autocorrelation function of PARP1 binding for SEGs and DEGs genes sensitive to PARPi PJ34 
treatment and PARP1 depletion. Up- and down-stream minima are located at -360, 420 (SEGs, black 
line) -240, 185 (DEGs KD sensitive, orange line) -235, 170 (DEGs PJ34 sensitive, blue line) bps relative 
to TSS. 
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A gene-centered analysis revealed global binding of PARP1 both at enhancers 

(Figure 8A, left panels) and gene bodies, with a prominent peak at TSSs 

(Krishnakumar and Kraus, 2010a; Nalabothula et al., 2015), which was significantly 

reduced upon PARP1 depletion. This result was corroborated with a chromatin-state 

centered analysis demonstrating that PARP1 depletion led to a sharp reduction of 

binding at active TSSs, while this reduction was moderate at enhancers and mostly 

absent at other chromatin states (Figure 8C). 

Given the preference of PARP1 binding for TSSs, we asked how PARP1 

binding at TSSs regulates the RAS-OIS transcriptional program. Mapping PARP1 TSS 

binding to RAS-OIS SEGs and DEGs sensitive to PJ34 treatment or PARP1 silencing 

showed that PARP1 preferentially bound in a well-defined fashion up- and down-

stream of TSS of genes sensitive to PARPi PJ34 treatment and PARP1 depletion 

(Figure 8D) (Valouev et al., 2011).  These data suggested that PARP1 is involved in 

chromatin structuring of TSSs. To support this finding, we performed an autocorrelation 

analysis of PARP1 binding at these TSSs, which confirmed the strong phasing of 

PARP1 binding with minima at positions -240, -235, 170, and 185 bp relative to TSSs.  

By contrast, TSSs of SEGs displayed a more relaxed phasing with minima at positions 

-360 and 420 base-pairs (bps) relative to TSSs. 

In conclusion, our analysis demonstrates that PARP1 binds extensively across 

the genome, pointing at a gene-regulatory role of PARP1 phasing through well-defined 

binding at TSSs of promoters that is distinct from its ADP-ribosylation-mediated 

transcriptional regulation at enhancers.  

 

4.8 Repositioning PARP1-inhibitors as potential senolytics 
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PARP inhibitors are currently employed in the treatment of breast cancers harboring 

BRCA1/2 mutations (Lord et al., 2015). Considering that PARP1 has many other 

nuclear functions outside of DDR, we asked if these other functions are actionable 

therapeutic targets.  Our transcriptome analysis revealed that PARP1 enzymatic 

activity is an important regulator of apoptotic genes in RAS-OIS, raising the possibility 

PARP inhibitors could function as senescence-eliminating drugs (senolytics).  

Exposing proliferating, quiescent and senescent WI38 fibroblasts to 10 µM niraparib 

for seven days induced the death of 95% of senescent cells but only 30% of quiescent 

and no death of proliferating fibroblasts (Figure 10A). These data suggest that 

senescent cells are preferentially sensitive to PARP inhibitors. A “one‐two punch” 

consecutive therapy for cancer treatment involves senescence induction of cancer 

cells therapy-induced senescence, TIS), followed by the elimination of these 

cancerous senescent cells by senolytics (Wang and Bernards, 2018). To test the 

efficacy of PARPis in this approach, we induced or not TIS in MCF-7 breast cancer 

cells by doxorubicin (1µM) treatment for six days followed by a niraparib (5µM) 

treatment for three consecutive days (Figure 10B). Strikingly, 75% of MCF-7 TIS cells 

underwent cell death within three days, while proliferating cells continued to grow 

unimpeded.  These preliminary data highlight the potential of PARP inhibitors as 

clinically relevant senolytics. 
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Figure 9: Repositioning PARP1-inhibitors as potential senolytics. A. Proliferation 
curves of proliferating and RAS-OIS cells treated with PARPi niraparib. Growth curves display 
percentage of cells compared to day zero (D0) following treatment of RAS-OIS and proliferating WI-38 
fibroblasts with 10µM niraparib over seven days. B. Proliferation curves of proliferating and therapy-
induced (1 µM doxorubicin treatment for six days) senescent (TIS) MCF-7 breast cancer cells treated 
with niraparib (5µM) for three days. 
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5. Discussion and 
Future Directions 
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Cellular senescence has long been considered a pure cell culture artifact (Sherr et al., 

2000). However, we now know that this cell fate has significant implications for human 

physiology, pathophysiology and longevity. Senescence is a double edged-sword - on 

the one hand, senescence promotes health through suppression of tumorigenesis, 

aiding in development, maintaining cellular plasticity, and tissue homeostasis, on the 

other side, the chronic accumulation of senescent cells contributes to aging, age-

related disease, tissue dysfunction, and tumor growth through its inflammatory 

phenotype, the SASP (Martínez-Zamudio et al., 2017a).  As such, senescence is an 

attractive target for clinical interventions and therapies to promote healthspan.  

 Senescent cells undergo a significant reorganization of their chromatin 

structure, epigenomic landscape and transcriptional program. Recent studies have 

started to describe the significance of the epigenetic landscape and transcription 

factors which govern the senescence gene expression program (described in detail in 

section 1.5-1.7).  This expanding area of research has yet to entirely define the 

underlying framework and agents, which drive and maintain the senescence 

phenotype.  My thesis aimed to further define the gene-regulatory mechanisms 

regulating the senescence gene expression program.  

 PARP1, after histones, is one of the most abundant nuclear proteins (5 x 105 – 

1 x 106 copies per nucleus) (Ludwig et al., 1988; Yamanaka et al., 1988b). It is integral 

to a wide host of nuclear functions including transcriptional and chromatin structure 

control as well as DNA damage repair (described in detail in section 2.4-2.6) (Kraus 

and Hottiger, 2013). For example, during DNA damage, PARP1 binding and catalytic 

activity are induced to sense DNA breaks, recruiting proteins and modulating 

chromatin structure and transcription to facilitate error-free DNA repair (Ray Chaudhuri 
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and Nussenzweig, 2017). Furthermore, PARP1 displays context-dependent 

interactions with TF SOX2 to maintain the pluripotency gene expression program of 

embryonic stem (ES) cells (Liu et al., 2017). PARP1 is also a major player in the 

expression of inflammatory genes functionally interacting with NFkB though the 

precise underlying mechanism is currently not known (Amiri et al., 2006; Hassa et al., 

2005; Martinez-Zamudio and Ha, 2012; Nakajima et al., 2004). Given its roles in 

regulation of chromatin structure and gene expression, especially in inflammation, we 

hypothesized that PARP1 regulates the senescence gene expression program. Using 

time-resolved integrative profiling, we elucidated how PARP1 regulates the 

transcriptional senescence program, thus, expanding our understanding of the 

underlying framework controlling the senescence phenotype. 

 Our results show that PARP1 plays a global regulatory role in the senescence 

gene expression program rather than only contributing specifically to the regulation of 

NFkB-dependent gene expression, a process PARP1 has been historically tightly 

associated to (Hassa and Hottiger, 1999; Hassa et al., 2003; Martínez-Zamudio, 2012). 

Furthermore, we demonstrate that PARP1chromatin-binding and catalytic activities 

play largely distinct gene-regulatory roles. PARP1 enzymatic activity increases 

dramatically during RAS-OIS, leading to a prominent ADP-ribosylation especially of 

active enhancers driving the expression of lowly expressed genes. In particular, ADP-

ribosylation of active enhancers resulted in both gains and losses in chromatin 

accessibility. We suggest a model by which ADP-ribosylation at active enhancers of 

lowly expressed genes fine-tunes chromatin accessibility and gene expression through 

context-dependent TF recruitment as well as the electrostatic repulsion of chromatin-

associated proteins driven by the negative charge of ADPr chains. 
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 Apart from this enzymatic role, PARP1 plays a more chromatin structural role. 

Indeed, our data indicate that PARP1 stabilizes nucleosome positioning specifically at 

the –1 and +1 nucleosomes of TSSs for a subset of senescence-associated genes. 

Thus, we uncovered that PARP1 modulates the RAS-OIS transcription program in a 

previously underappreciated and novel dichotomous fashion.  

 

5.1. PARP1 is enzymatically activated during OIS 

By exploiting our newly developed CRAP approach, we revealed a sharp global 

increase of ADP-ribosylation in RAS-OIS when compared to proliferating cells that was 

mostly linked to PARP1 automodification and ADP-ribosylation of histones and could 

be reduced by PARP1 inhibitors (Figure 2E). These findings highlight that PARP1 is 

the major ADP-poly-ribosylase responsible for ADP-ribosylation of target proteins in 

RAS-OIS. 

 How is PARP1 activity induced in RAS-OIS?  PARP1 and its enzymatic activity 

play significant role in the context of DNA damage sensing and repair, and it is a 

possible mechanism by which ADP-ribosylation levels increase during RAS-OIS 

because a strong DDR accompanies RAS-OIS (Gorgoulis and Halazonetis, 2010). In 

addition to the activation through DNA binding, PARP1 can be activated by SET 7/9 at 

the sites of DNA damage.  

 Alternatively, PARP1 catalytic activity may increase during senescence through 

a DNA-damage independent mechanism.  For example, PARP1 catalytic activity is 

induced through acetylation by CBP/p300 or sumoylation via PIASy, kinase 

phosphorylation, direct histone interactions, and transcription factors (as described in 

section 1.11) (Hassa et al., 2005; Kolthur-Seetharam et al., 2006; Martin et al., 2009).  
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One potential candidate activation pathway of PARP1 in a non-DNA damage 

dependent mechanism may be facilitated through ERK2. It was shown that ERK2 

activation through Toll-like receptor 4, independent of a p38MAPK response, can 

activate PARP1 (Cohen-Armon, 2007; Martinez-Zamudio and Ha, 2012). This 

mechanism is similar to the signal transduction cascade that is engaged upon 

oncogenic RAS activation, which leads to the downstream activation of ERK1/2 

(Vasudevan et al., 2007).  Therefore, it is possible that activated ERK2, as a result of 

oncogenic RAS hyper-activation, activates PARP1 enzymatic activity.  Additional 

experiments are needed to elucidate the exact mechanism by which PARP1 is 

activated during RAS-OIS.   

 

5.2. Distinct PARP1 catalytic and chromatin-binding activities control 

the RAS-OIS gene expression program.  

A previous study identified PARP1 as a critical factor of SASP regulation by inducing 

the transcriptional activity of NFkB (Ohanna et al., 2011a). However, the precise 

mechanisms underlying this activation are still unknown. To begin to dissect the gene-

regulatory role of PARP1 during senescence, we first performed time resolved 

transcriptome analysis on cells undergoing RAS-OIS following PARP1 enzymatic 

inhibition and PARP1 depletion.  Although we saw effects on SASP gene expression, 

our transcriptome analysis revealed a much broader role of PARP1 catalytic activity in 

the regulation of the senescence gene expression program (Figure 3C).  Remarkably, 

we found that PARP1 enzymatic inhibition and depletion differentially impacted the 

RAS-OIS gene expression program and there was only a small overlap in genes 

affected by both treatments. 



 ROBINSON Lucas – Thèse de doctorat – 2019 

117 

Inhibition of ADP-ribosylation led to changes in expression of genes related to 

NFkB, inflammation, RNA, metabolism of proteins and nucleic acids, growth signaling 

as well as Apoptosis.  PARP1 protein depletion led to the dysregulation of genes 

involved in DNA damage repair, cytoskeleton, metabolism of proteins, as well as 

growth signaling. The overlapping gene sets related to nucleic acid metabolism, DNA 

replication and growth. Our results suggest a much more global role of PARP1 in the 

regulation of gene expression during OIS through distinct catalytic and catalytic-

independent mechanisms.  Indeed, PARP1 is functionally linked to a number of 

biological functions through transcriptional regulation in other cellular contexts, 

including the regulation of inflammation, differentiation, growth, metabolism and 

circadian rhythm genes (Kraus and Lis, 2003).  

 

5.3. Genome-wide mapping of ADP-ribosylation  

A major obstacle in the study of PARP1 and ADP-ribosylation has been the generation 

of high-quality genomic profiles due to the lack of specific, ChIP-seq quality antibodies 

against both for PARP1 and ADPr. Consequently, alternative methods have been 

explored to map ADP-ribosylated proteins along the genome. For instance, the 

Hottiger laboratory developed a chromatin-affinity precipitation (ChAP) technique, 

which relied on the affinity of RNF146 WWE domain to poly-ADPr (Bartolomei et al., 

2016). The second technique developed to identify ADP-ribosylated proteins comes 

from the Kraus laboratory, and uses a mutated PARP proteins with a “click” chemistry-

compatible NAD+ analog (8-Bu(3-yne)T-NAD+) (Gibson et al., 2016).  Utilization of 8-

Bu(3-yne)T-NAD+ required the development of PARPs 1, 2, and 3 mutants which can 

use the  NAD+-analog as a substrate. Both methodologies have their own limitations 
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and therefore, we developed our own methodology to map ADP-ribosylation genome-

wide, that we termed CRAP-seq for “Chromatin-Ribosylation-Affinity-Purification 

Sequencing” (Figure 1A). We validated the technique extensively, but we are aware 

of its short-comings: exogenously added biotinylated-NAD+ may vary from in vivo 

levels and cells are permeabilized by detergents, and the length of the ADPr chains is 

unknown.   

 

5.4. PARP1 catalytic activity localizes to active enhancers of lowly 

expressed genes  

Using CRAP-seq, we mapped ADP-ribosylation genome-wide and evaluated the 

chromatin states ADP-ribosylation coincided with.  We found that ADP-ribosylation was 

most enriched at active enhancers.  We then wanted to understand how ADP-

ribosylation at enhancers was related to transcriptional outcomes.  During the 

transcriptome analysis we revealed that PARP1 inhibition had a more pronounced 

effect on lowly expressed genes differentially regulated during OIS.  This prompted us 

to determine ADP-ribosylation levels of active enhancers of genes in the three 

quantiles of expression: low, medium and high (Figure 5B).  We observed that the 

highest accumulation of ADP-ribosylation during OIS was at active enhancers 

associated to lowly expressed, senescence-associated genes.  In order to evaluate 

the functionality of these ADP-ribosylated enhancers with regards to PJ34 treatment, 

we observed that genes sensitive to PJ34 treatment accumulated the highest ADPr 

levels at their respective active enhancers (Figure 5D). Interestingly, this included 

genes which were stable during RAS induction but changed their expression upon 

PJ34 treatment also shared a correlation with ADP-ribosylation accumulation. This 
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argues that ADP-ribosylation is involved in the basal expression of these genes during 

RAS-OIS, which was only observable during PJ34 treatment. Together, these data 

indicate a regulatory mechanism by which ADP-ribosylation fine-tunes gene 

expression at active enhancers specific to lowly expressed genes.  

 

5.5. PARP1 catalytic activity influences chromatin accessibility at 
active enhancers of senescence-associated genes through a 

context-dependent mechanism  

To understand the mechanisms by which ADP-ribosylation at enhancers fine-tunes 

transcription of lowly expressed genes, we evaluated how chromatin accessibility is 

affected by PARP1 enzymatic activity. We saw that active enhancers, which lose 

accessibility during RAS-OIS correlated with accumulating ADP-ribosylation, while 

accumulation of ADP-ribosylation did not lead to an obvious increase in chromatin 

accessibility during OIS. In response to PJ34 treatment, these enhancers both 

increased and decreased chromatin accessibility as a function of increasing ADP-

ribosylation levels (Figure 7B). These data suggest that ADP-ribosylation functions in 

both maintenance of open chromatin and the restricting of chromatin accessibility of 

enhancers during OIS.  However, the mechanism by which this dualistic function is 

exerted is presently unclear.  

 Previous studies have shown that PARP1 catalytic activity impacts chromatin 

structure and accessibility through chromatin insulation, histone-ADP-ribosylation, and 

modification of transcription factors (Krishnakumar and Kraus, 2010b). One hypothesis 

is therefore that ADP-ribosylation is mediating 3-D chromatin structures at enhancers 

to modulate chromatin accessibility and subsequent gene expression during RAS-OIS.  



 ROBINSON Lucas – Thèse de doctorat – 2019 

120 

ADP-ribosylation is implicated in chromatin insulation through interactions with CTCF 

(Yu et al., 2004). 3-D chromatin structures are important features which halt the 

expansion of heterochromatin, and regulate interactions between promoters and 

enhancers (Phillips-Cremins and Corces, 2013; Wallace and Felsenfeld, 2008). ADP-

ribosylation of CTCF can facilitate the formation of chromatin loops between enhancers 

and promoters to augment expression (Yu et al., 2004).  

Furthermore, we propose that ADP-ribosylation may contribute to open 

chromatin at active enhancers during OIS through its negative electrostatic charge. 

ADPr is a negatively charged modification, which can influence chromatin accessibility 

(Poirier et al., 1982).  ADP-ribosylation is implicated in transcriptional activation and 

chromatin remodeling in D. melanogaster at the HSP70 locus (Tulin and Spradling, 

2003b).  Heat shock leads to a rapid increase in chromatin accessibility at the HSP70 

locus in an ADP-ribosylation dependent fashion (Collesano et al., 2008; Tulin and 

Spradling, 2003b).  ADP-ribosylation also impacts chromatin structure during NFkB 

driven inflammatory gene expression following LPS challenge (Martinez-Zamudio and 

Ha, 2012).  ADP-ribosylation of histones increases accessibility of chromatin at NFkB 

target sites through disruption of nucleosomes (Martinez-Zamudio and Ha, 2012). 

Oppositely, PARP1 catalytic activity also recruits the formation of repressive chromatin 

(Guetg et al., 2012; Timinszky et al., 2009). PARP1 modifies histone variant H2A1.1 

which forms repressive structures, potentially through chromatin loops (Timinszky et 

al., 2009).   

We further hypothesize that PARP1 enzymatic activity acts to recruit 

transcription factors to active enhancers of lowly expressed genes during OIS, 

rendering the chromatin less accessible. ADP-ribosylation is an important post-
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translational modification (PTM) for transcription factor function in activating and 

repressive chromatin contexts (Gibson and Kraus, 2012; Kraus and Lis, 2003; Ryu et 

al., 2015). ADP-ribosylation can facilitate site-specificity of TF binding (Olabisi et al., 

2008).  ADP-ribosylation of NFAT dictates the binding of transcription factors (C/EBP, 

FOS-JUN, CREB/p300) which increases the expression of IL-2 (Olabisi et al., 2008). 

In the context of rDNA repression, ADP-ribosylation activity forms repressive chromatin 

complex with NoRC through interactions with TIP5 (Guetg et al., 2012). Disruption of 

ADP-ribosylation results in the abrogation of this NoRC repressive complex (Guetg et 

al., 2012).  

Considering the current knowledge of ADP-ribosylation described above, and 

our results demonstrating its dualistic role in changes of chromatin accessibility during 

RAS- OIS, we propose that PARP1 and ADP-ribosylation is present at active 

enhancers of lowly expressed genes to recruit and modify transcription factors and 

other chromatin factors rendering chromatin less accessible.  Additionally, ADP-

ribosylation physically maintains open chromatin through electrostatic disruption of 

nucleosomes.  The combination and balance of these antagonistic forces contributes 

to fine-tuning of chromatin accessibility and subsequent transcription of lowly 

expressed, senescence-associated genes.  

 

5.6. ADP-ribosylation co-localizes with TFs at enhancers during OIS 

We found TF binding sites (TFBSs) (e.g., NR2F, RARB, FOXD3, TBX1, 

NR2F1,TCF3:TFC4, DDIT3:CEBPA, PAX5, SREBF1/2 and SMAD2:3:4) at enhancers 

enriched for ADP-ribosylation, which included TFBSs.  Past research has linked SMAD 

2:3:4, RARB and FOXD3 to PARP1 and ADP-ribosylation (Izhar et al., 2015; Lönn et 
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al., 2010; Zhao et al., 2018). ADP-ribosylation of SMAD TFs decreases affinity for 

genes induced by TGF-b (Lönn et al., 2010).  FOXD3 interacts with PARP1 during 

Neuroblastoma to disrupt CTCF ADP-ribosylation, which leads to the upregulation of 

tumor-promoting gene expression (Zhao et al., 2018).  It would be valuable to explore 

further the context-dependent function of these TFs during RAS-OIS and how TF-ADP-

ribosylation regulates gene expression during OIS. 

 

5.7. PARP1 binds globally across the genome, but exerts a regulatory 
role at the TSS by maintaining stable nucleosome positioning at 

TSSs through its chromatin-binding activity 

We optimized PARP1-seq to faithfully map PARP1 to the genome. We detected global 

binding with enrichment at the TSS of promoters and PARP1 depletion studies 

unraveled that PARP1 is preferentially lost at these sites with more moderate loss 

across the genome (Figure 9A). These data suggest a differential regulatory role 

between global PARP1 binding and its presence at TSSs.  Upon evaluation of PARP1 

binding at the TSS we found higher signals at genes, which were transcriptionally 

sensitive to PARP1 silencing or PARP inhibition.  Interestingly, the binding pattern of 

PARP1 appeared to be more stable and phased at these sites. A more detailed 

analysis indicated that PARP1 may facilitate the positioning of TSS-proximal 

nucleosomes, which correlates with the presence of RNA-pol-II at genes that are 

poised or actively transcribed (Schones et al., 2008). Well phased nucleosomes are 

seen more often at the TSS of house-keeping genes and is more variable throughout 

the rest of the genome (Discussion Figure 1) (Radman-Livaja and Rando, 2010a).  

The nucleosome positioning in the human genome is less reliant upon sequence 
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composition, and rather regulated through transcription factors, chromatin remodelers 

and RNA polymerases (Lascaris et al., 2000; Radman-Livaja and Rando, 2010b). As 

such, we propose that PARP1 binding stabilizes nucleosome positioning at the TSS to 

facilitate transcription during OIS. 

 

 
Discussion Figure 1: Well-positioned nucleosomes at TSS facilitate 
transcription. Nucleosome positioning near the TSS with or without Pol II generated 
from sequencing data on the 5’ and 3’ DNA strands. This figure shows the stability of 
nucleosomes at transcriptionally active TSSs. (Adapted from Schones, 2008). 
 

 

5.8. PARP inhibitors selectively eliminate senescent cells from cell 

culture through prolonged exposure 

 We found that extended treatment of senescent cells with PARP inhibitors 

resulted in their selective cell death when compared to quiescent and proliferating 

controls. OIS fibroblasts and chemotherapy-induced senescent cancer cells treated 

with clinically approved PARP inhibitors induced cell death within five to seven days.  

Although the mechanisms underlying synthetic lethality of PARP inhibitors used in the 

clinic remain hotly disputed, the current tenet holds that synthetic lethality is mainly a 

result of the disruption of PARP1 in DNA repair pathways (Lord et al., 2015).  In 

contrast, whether PARP inhibitors exert their effects through other mechanisms such 
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as the gene expression programs remains to be explored (Frizzell and Kraus, 2009). 

Indeed, we found that PARP inhibition effects the expression of genes related to anti-

apoptotic functions, and perhaps this is one such mechanism of synthetic lethality.  

However, we have yet to elucidate in detail the mechanism by which inhibition of ADP-

ribosylation leads to the selective death of senescent cells and have to test the efficacy 

of PARPi’s as senolytics in animal models. 
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5.9. Future Directions:  

 To deepen our understanding of the context-dependent mechanisms by which 

PARP1 regulates gene expression and chromatin structure in RAS-OIS, we would like 

to specifically identify the binding partners of PARP1 and ADP-ribosylated transcription 

factors. ADP-ribosylation at enhancers involves both the maintenance of open 

chromatin and restricted chromatin accessibility. Thus, specifying the ADP-ribosylated 

proteins in these enhancer contexts is critical. We can exploit further in silico 

approaches using TF-footprinting to predict potential interactions between ADPr signal 

and TFs at these enhancers.  Direct targets of ADP-ribosylation may also be identified 

by expanding the CRAP technology to include proteomics studies. One such study 

applied the technology developed from the WWE ADPr-ChAP technique with 

proteomics (Hendriks et al., 2019). Applying proteomics with CRAP technology in the 

context of OIS would allow us to see the entire spectrum of ADP-ribosylated proteins, 

and further understand the role TFs.   

Additionally, we would like to define the relevance of auto-modified PARP1 on 

the genome.  Currently, we are unable to distinguish unmodified and modified PARP1.  

We would like to identify the genomic locations of auto-modified PARP1 compared to 

unmodified PARP1. In order to accomplish this, we can perform sequential CRAP-

PARP1-ChIP-Seq.  

 There are a number of large-scale chromatin reorganizations that occur during 

the establishment of the senescent cell-fate discussed above: pericentromeric regions 

become dissociated, hypomethylation, down-regulation of Lamin B and the 

reorganization of lamina associated domains and the formation of SAHFs (Chandra et 

al., 2015b; Ito et al., 2017).  Hi-C has been performed on senescent cells, however, 
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further investigation to the functional mechanisms controlling these 3-D 

reorganizations is warranted (Criscione et al., 2016c, 2016a). We found that PARP1 

stabilizes chromatin structure around promoters of senescence-associated genes, and 

structural potential across the genome, however, we did not consider 3-D chromatin 

structures that may be regulated by PARP1 chromatin binding and catalytic activity. 

We would like to compare our ADP-ribosylation and PARP1 positioning data with 

CTCF ChIP-seq or Hi-C data in OIS cells to make predictions regarding PARP1’s 

impact on 3-D structures in the genome. Additionally, we can employ Hi-ChIP, a 

technique which combines the power of ChIP-Seq and chromatin capture 

technologies, to evaluate the looping structures which may be regulated by PARP1 

and ADP-ribosylation (Mumbach et al., 2016).  It is possible that PARP1 catalytic and 

binding functions are involved in the formation of the 3-D chromatin conformation in 

OIS. 

PARP inhibition is an exciting avenue we would like to further explore in the 

context of cancer and age-related pathology.  We found that PARP inhibitors 

selectively eliminate OIS and TIS cells compared to proliferating and quiescent cells. 

We would like to further explore the potentiality of PARP inhibitors and to define the 

mechanism by which senescent cells are selectively eliminated.  To this end, we will 

begin by discriminating the type of cell death senescent cells succumb to upon PARP 

inhibition: apoptosis, necrosis or necroptosis.  We suspect that the mechanism may 

include disruption of DDR signaling, or disrupt the anti-apoptosis transcriptional 

program.    

We also plan to explore the potential of PARP1 inhibition in the context of cancer 

therapy in vivo. Precancerous senescent hepatocytes via the SASP evoke very 
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efficient immune responses resulting in clearance of these cells and suppression of 

liver tumorigenesis (Kang et al., 2011). However, the SASP of the same precancerous 

hepatocytes can accelerate the growth of fully transformed liver carcinomas (Eggert et 

al., 2016c). The latter finding is of high relevance for patients with advanced liver 

cancer, as liver carcinomas develop in chronically damaged livers, eventually resulting 

in a situation where full-blown cancer cells and precancerous senescent cells co-exist. 

Based on our data PARP1 can impact senescence gene expression programs 

including the SASP and may be a viable senolytic. It is possible that transcriptional 

disruption from PARP inhibition allows immune surveillance of pre-cancerous 

senescent cells but abolish the pro-tumorigenic effect of SASP. In vivo, it would be 

important to evaluate whether sustained exposure to PARP inhibition or depletion 

exerts senolytic activity.   

Together, our study and prospective studies to follow provide exciting 

possibilities in the fields of ageing and cancer research as well as deepening the 

understanding of PARP1.  
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6. Materials and 
Methods 
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Cell culture 

WI-38 fibroblasts (purchased from ECCAC) were cultured in high glucose Dulbecco’s 

Modified Eagle medium GlutaMAX (Gibco) supplemented with 10% FBS, 1X primocin 

antibiotic cocktail (Invivogen) at 37ºC in 3% oxygen.  Tamoxifen inducible WI-ER:H-

RASV12 (puromycin or neomycin resistant) and doxycycline-inducible retrovirus vector 

containing GFP, puromycin selection cassette and shRNA-PARP1 (1952 or 1706) cells 

were generated through retroviral transfection and infection as previously described 

(Puvvula et al., 2014a).  Oncogene-induced senescence was induced with 400nM 

tamoxifen (4-hydroxytamoxifen, Sigma) with the culture media.  PARP1 inhibition was 

performed through the addition of PJ34 20-50µM (PJ34 hydrochloride – Abcam) or 

20µM Niraparib (MF-4827-tosylate – Selleck Chem) to the culture media.  ShRNA 

PARP1 expression was induced with 10 µg/mL doxycycline added to the culture media. 

Mycoplasma testing was conducted routinely throughout the experiments using the 

MycoAlert (Lonza) according to manufacturer’s instructions. 

shRNA Sequences 

shRNA PARP1 1952 

TGCTGTTGACAGTGAGCGCACGGTGATCGGTAGCAACAAATAGTGAAGCCACA
GATGTATTTGTTGCTACCGATCACCGTATGCCTACTGCCTCGGA 
 

shRNA PARP1 1706 

TGCTGTTGACAGTGAGCGAAAGGAGGAAGGTATCAACAAATAGTGAAGCCACA
GATGTATTTGTTGATACCTTCCTCCTTGTGCCTACTGCCTCGGA 
 

Edu/SAbGal 

 A representative sampling from proliferating and OIS cells, 6 days post-4OHT 

tamoxifen induction, were seeded in LabTek chamber slides (Nunc).  Senescence-
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associated beta-galactosidase was performed using the previously described protocol 

(Itahana et al., 2007). To measure EdU incorporation, Click-iT EdU Alexa Fluor 

Imaging Kit (Thermo fisher) was used as per manufacturer’s instructions.  Images were 

collected using the Zeiss confocal fluorescence microscope and analyzed using the 

Zen software. 

Western Blot 

 Standard western blotting analysis was carried out using whole-cell lysate, 

generated using Lämely buffer, and boiled at 100ºC for 5 minutes. Protein was 

measured using qbit protein (Thermo) and equalized to 30µg.  After membrane 

transfer, blots were analyzed via Ponceau staining for equal loading of wells.  Blots 

were probed with the following antibodies: PARP1 ((H-250)– Santa Cruz – SC- 7150 

– lot K1815), H3 (Histone 3 ab 1791 – Abcam – lot: GR265017-2), PARP1 (Active 

Motif, 39561) and Streptavidin IRDye 800cw (1:2000, Licor, 925-32230). 

RNA extraction and quality control 

Total RNA from each time point, specified above was collected from the cells using 

QIAGEN RNeasy Plus kit according to the manufacturers provided protocol.  Quality 

of RNA (RIN metric) was measured using Agilent Technologies 4200 Tapestation 

(G2991-90001).  

Quantitative RT-PCR 

RNA extracted, as described above, was reverse transcribed into cDNA using High-

Capacity Reverse-Transcriptase Kit following manufacturer’s instructions (Applied 

biosystems, Thermo Fisher). qRT-PCR was performed using SYBR green qPCR 

Universal super mix (Bio-rad), with 500 ng cDNA using primers listed below: 

QPCR Primer list 
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IL-1B Hs_IL1B_1_SG QuantiTect Primer Assay – QT00021385 
IL-6 Hs_IL6_1_SG QuantiTect Primer Assay – QT00083720 
IL-8 Hs_CXCL8_1_SG QuantiTect Primer Assay – QT00000322 
CCNA2 Hs_CCNA2_1_SG QuantiTect Primer Assay – QT00014798 
CCNE2 Hs_CCNE2_1_SG QuantiTect Primer Assay – QT00063511 
p16 Hs_CDKN2A_1_SG QuantiTect Primer Assay – QT00089964  
GAPDH Hs_GAPDH_1_SG QuantiTect Primer Assay – QT00079247 
PARP1 Hs_PARP1_1_SG QuantiTect Primer Assay – QT00032690 

 

Affymetrix RNA microarrays  

Collection of RNA and QC was performed as described above.  Whole transcriptome 

profiling was performed using ClariomTM D and GeneChipTM WT PLUS Reagent Kit 

(Affymetrix/Thermo Fisher) according to the manufacturer’s instructions. 

ATAC-seq 

Proliferating and senescent WI-38 fibroblasts were treated with 4OHT for 6 days, 

followed by treatment (PJ34) or induction of shRNA over time course described. 

Method for ATAC-seq was described previously (Zamudio et al., 2019). 

 

Chromatin ADP-ribosylation Affinity Purification (CRAP) 

Proliferating and senescent WI-38 fibroblasts treated with 4OHT for 6 days were 

washed with PBS and 20 million cells were collected per condition. Cells were spun 

down at 2500 rpm for 5 min, 4ºC. The cell pellet was transferred to a1.5 mL Eppendorf 

tube. Pellet was resuspended in 300 µL of freshly PARP-assay buffer (50mM Tris-Cl 

pH8.0, 28mM KCl, 10mM MgCl2, 0.01% digitonin, 1mM DTT, 20µM biotinylated NAD+ 

(6-biotin-17NAD+ – Trevigin), 500nM ADP-HPD (Merck Chemicals). Cells were 

incubated at room temperature for 30 minutes, agitating the tube every 10 minutes.  

The labelling reaction was quenched by adding PJ34 to a concentration of 10µM and 

immediately transferred to ice for 5 min. Mixture was spun down for 5 min, 2500 RPM, 
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4ºC and the supernatant discarded.  The cell pellet was resuspended in 1 mL cold 

PBS, spin down for 5 min at 2500 RPM, 4ºC. Supernatant was discarded, and wash 

was repeated. 15 mL of 1x PBS was added and transferred to a 50 mL falcon tube. 

Cells were cross-linked with 1% formaldehyde (1mL of 16% formaldehyde) and rocked 

for 10 min at room temperature.  

Cross-linking was quenched with 1mL of 2M glycine and rocked for 5 min. Cells 

were spun down at 2500 RPM for 5 min, 4ºC. Discard supernatant.  Cells were washed 

with 1 mL of cold 1xPBS and transferred to a 1.5 mL Eppendorf tube.  Nuclei were 

isolated and chromatin was digested with 1.2 µL of Micrococcal Nuclease for 20 

minutes at 37ºC using the SimpleChIP kit (Cell Signalling).  The MNase digestion was 

validated through DNA gel electrophoresis to reach a level of 70% mononucleosome 

fragments with up to 5 nucleosome fragments visible.  Final volume was brought up to 

1mL with ChIP dilution buffer. 10µL of diluted chromatin was reserved for input (1% 

input). 

70µL of streptavidin beads coupled magnetic beads (DynabeadsTM M-280 Streptavidin 

– Invitrogen) were washed with ChIP dilution buffer three times.  Labelled, MNase 

digested chromatin with was incubated with 70µL of washed streptavidin beads over 

night at 4ºC rotating.   

Following incubation, tubes were transferred to magnetic rack and let the beads 

separate from the solution for 2 min. Supernatant was removed and samples were 

beads were washed with 1mL low-salt buffer (150mM NaCl, 0.1% SDS, 1% Triton 

X100, 20mM EDTA, 20mM Tris-Cl PH 8, 10mM Tris-Cl PH 8, 5mM EDTA, 150mM 

NaCl, 0.5% SDS).  Wash was repeated two times with 1mL high-salt buffer (150 mM 

NaCl, 0.1% SDS, 1% Triton X100, 20mM EDTA, 20mM Tris-Cl PH 8, 10mM Tris-Cl 
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PH 8, 5mM EDTA, 300mM NaCl, 0.5% SDS), and twice with EDTA Buffer (10mM Tris-

Cl PH 8, 1mM EDTA).  For Western blots, beads were resuspended in 1x protein 

loading buffer and incubated at 95ºC for 5 minutes, and Western blot was performed 

as described above.  

CRAP-Sequencing 

For sequencing of CRAP isolated chromatin, beads were resuspended in 50 µL of 

ChIP elution buffer (10 mM Tris-Cl pH 8.0, 5 mM EDTA, 300 mM NaCl, 0.5% SDS) 

and treated with 2 µL of RNase A for 30 minutes at 37ºC followed by 2 hours incubated 

with 1 µL of glycogen (20 mg/mL) and 2.5 µL of Proteinase K.  These samples were 

de-crosslinked at 65ºC over-night. Supernatant was removed from beads and DNA 

was extracted with the addition of 1:1 25:24:1 phenol:chloroform:isoamyl alcohol and 

subsequent precipitation with ethanol over-night at -20ºC with a 1/10 volume of 3M 

sodium acetate, MgCl2 to a final concentration of 0.01M, 1µL glycogen (20mg/ml).  The 

DNA pellet was washed 2 times with 70% ethanol and resuspended in 20 µL of low-

EDTA TE buffer.  The DNA subsequently underwent library preparation. 

DNA preparation for ChIP-Seq and CRAP-seq libraries: 

DNA was eluted by phenol/chloroform extraction (2X) followed by ethanol precipitation 

overnight at -20ºC. The DNA pellet was washed with 70% ethanol, allowed to dry, and 

DNA was resuspended in 35 µL 10 mM Tris-Cl pH 8.0.  CRAP/ChIP-Seq libraries were 

produced following the Accel-NGS 2S Plus DNA Library Kit (#21024), with a modified 

protocol where we used 25:24:1 phenol:chloroform:isoamyl alcohol extractions 

followed by overnight ethanol precipitation of DNA with 1/10 volume of 3M sodium 

acetate, MgCl2 to a final concentration of 0.01M, 1µL glycogen (20mg/ml) following 

each step of the protocol up to the PCR amplification.  Before PCR amplification, we 
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performed an enrichment for small DNA fragments using Ampure  XP (Beckman 

coulter) SPRI beads outlined previously in the X-ChIP protocol (Skene and Henikoff, 

2015).  We performed 9 cycles of PCR amplification, followed by a clean-up as per the 

Accel-NGS 2S Plus DNA Library Kit instructions. CRAP/ChIP-Seq libraries underwent 

quality control using the 4200 Tape-station (Agilent Technologies, G2991-90001) and 

quantified using the Invitrogen Qbit DS DNA HS Assay kit (Q32854). Libraries were 

sequenced using an Illumina High-Seq 2500 to a depth of 100 million reads per library. 

Chromatin preparation and ChIP-seq 

15 million cells were harvested in 10 million cell aliquots in 15 mL media.  Each aliquot 

was cross-linked in 1% paraformaldehyde for 10 minutes at room temp.  The cross-

linking was quenched with the addition of 1mL of 2 M glycine and incubated at room 

temperature for 5 minutes.  Nuclei were isolated and chromatin was digested with 1.2 

µL of Micrococcal Nuclease for 20 minutes at 37ºC using the Simple-ChIP kit (Cell 

Signaling, #9002).  The MNase digestion was validated through DNA gel 

electrophoresis to reach a level of 70% mononucleosome fragments with up to 5 

nucleosome fragments.  15 million cell equivalents of chromatin were pre-cleared 

incubating 12.5 µL of Protein A/G Ultralink resin beads (Thermo Fisher).  Chromatin 

volume was brought up to 1 mL with ChIP-buffer (Cell Signaling) and inputs were 

derived from 500 000 cell equivalents of chromatin. The immunoprecipitation was 

performed overnight at 4ºC with rotation using 4µg PARP1 antibody (H-250– Santa 

Cruz – SC- 7150 – lot K1815).  Following immunoprecipitation, 30 µL of Ultralink resin 

beads were added and incubated for 4 hours rotating at 4ºC.  The beads were pelleted 

by centrifugation (1000 RPM) and washed three times in low salt buffer (150 mM NaCl, 

0.1% SDS, 1% Triton X-100, 20 mM EDTA, 20 mM Tris-HCl pH 8.0), once in high salt 
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buffer (500 mM NaCl, 0.1% SDS, 1% Triton X-100, 20 mM EDTA, 20 mM Tris-HCl pH 

8.0), twice in lithium chloride buffer (250 mM LiCl, 1% IGEPAL CA-630, 15 sodium 

deoxycholate, 1 mM EDTA, 10 mM Tris- HCl pH 8.0) and twice in TE buffer (10 mM 

Tris-HCl, 1 mM EDTA).  Washed beads were resuspended in 50 µL elution buffer (10 

mM Tris-Cl pH 8.0, 5 mM EDTA, 300 mM NaCl, 0.5% SDS) and treated with 2 µL of 

RNase A for 30 minutes at 37ºC followed by 2 hours incubated with 1 µL of glycogen 

(20 mg/mL) and 2.5 µL of Proteinase K.  These samples were de-crosslinked at 65ºC 

over-night. DNA was purified with the addition of 1:1 25:24:1 

phenol:chloroform:isoamyl alcohol and subsequent precipitation with ethanol over-

night at -20ºC with a 1/10 volume of 3M sodium acetate, MgCl2 to a final concentration 

of 0.01M, 1µL glycogen (20mg/ml).  The DNA pellet was washed 2 times with 70% 

ethanol and resuspended in 20 µL of low-EDTA TE buffer.  The DNA subsequently 

underwent library preparation.  

Spike-in ChIP-seq 

 Standard ChIP-seq protocol was performed, with the addition of 1:20 ratio of 

drosophila chromatin (Active Motif, 53083) following manufacturer’s instructions.  The 

immuno-precipitation was performed using the standard PARP1 antibody with an 

addition of the drosophila-specific histone variant H2Av spike-in antibody (Active Motif, 

61686).  The following ChIP and library preparation were performed as described 

above.  

Quality control of sequencing data 

The quality of every library was determined using the fastqc tool 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were 

subsequently trimmed and adapters clipped using the fastq-mcf 
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(https://github.com/ExpressionAnalysis/ea-utils/blob/wiki/FastqMcf.md). Only reads 

with none of the known high-throughput sequencing adapters, longer than 25 base 

pairs, with a mean quality score above 30 and maximum 1 N-call were kept. 

ChIP-seq, ATAC-seq and CRAP-seq mapping  

High quality single end reads were mapped to the Homo sapiens reference genome 

(hg19) using the end-to-end mode and the very-sensitive parametrization of bowtie2 

(https://www.ncbi.nlm.nih.gov/pubmed/22388286) and keeping the read matches 

reported by default. For ATAC-seq only concordant pairs even if they dovetail and with 

a maximum fragment size of 2 Kbp were kept. In order to avoid PCR amplification 

biases in read quantification, duplicated reads were removed using the MarkDuplicates 

tool of Picard v1.94 (https://broadinstitute.github.io/picard/). Following the ENCODE 

guidelines for the analysis of ChIP-seq datasets 

(https://www.ncbi.nlm.nih.gov/pubmed/22955991) blacklisted regions were removed 

with bedtools v2.19.1 (http://bedtools.readthedocs.io/en/latest/)  

Quantification and visualization of sequence data 

The quality of the ChIP-seq, ATAC-seq and CRAP-seq libraries was checked by 

clustering and principal component analysis. Outlying replicates were thus identified 

and discarded. Genome browser visualizations were obtained by calculating the read 

coverage over non-overlapping windows of 50 bp genome wide. This tiled coverage 

was then quantile normalized to allow comparisons between different samples. For the 

quantification of ChIP-seq, ATAC-seq and CRAP-seq at specific regions, the 

corresponding read coverage was calculated and normalized over 1 Kbp windows 

around all the annotated transcription start sites (TTSs) and over active enhancers at 

day 6 of RAS OIS induction, as defined by chromatin state analysis of histone 
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modifications (ref). The obtained values were normalized using the DESeq2 size 

normalization approach (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4302049/) 

and by the size of the annotation when necessary. The average coverage profiles 

around the TSS were obtained by calculating the read coverage over non-overlapping 

windows of 10 bp spanning 1 Kbp around the TTS and normalized by using the 

DESeq2 approach. This normalized coverage was then averaged over the gene 

categories of interest according to the specific analysis.     

Comparative transcriptome analysis 

Cell files transcriptome were RMA normalized using the affy R package 

(https://doi.org/10.1093/bioinformatics/btg405); they were subsequently annotated 

using the pd.clariom.d.human R annotation package 

(https://bioconductor.org/packages/release/data/annotation/html/pd.clariom.d.human.

html). To maximize the detection power for the time course analysis, control probe sets 

as well as lowly expressed probes were removed. Additionally, batch effects were 

identified and removed using the sva package (DOI: 10.18129/B9.bioc.sva).  

The normalized and batch corrected expression time courses for PJ and KD treatments 

were analyzed with the Transcript time course analysis (TTCA) R package 

(https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-016-1440-8) 

using default parameters for the lambda smoothing factor and the p-value threshold 

for significance tests. The first time point was used as the control proliferative state for 

the time course comparison. All genes identified as significantly dynamic by any of the 

metrics of the TTCA method were defined as the PJ and KD sensitive genes. 

The differential analysis for the RAS time course was performed as described in 

(Zamudio et al., 2019) 
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Functional analysis of PJ and KD time-course transcriptomes 

The functional analysis of the pathways affected by the PJ and KD treatments was 

done using GAGE 

(https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-10-161), a 

generalized version of the gene set analysis (GSA) method and the kegg.gs data 

collection of up-to-date gene sets from the KEGG. All time points were compared to 

the initial one (0h for PJ and day 0 for KD) and gene sets significantly enriched 

(adjusted p-value < .075) with up or down regulated genes were identified for each 

transcriptome. 

ADP-ribosylation quantification and comparison 

A metric had to be developed to translate the sequencing information of the CRAP-seq 

technique into a quantification of ADP-ribosylation changes during OIS RAS induction. 

The broad distribution and the high variability of this signal prevented the application 

of peak-calling or differential analysis-based approaches. As an alternative, the non-

parametric Kolmogorov-Smirnov statistic was used, which quantifies the distance 

between the empirical distribution function of the signal between any two samples, 

which we called KS metric. This test can be applied to the distribution of the CRAP-

seq signal calculated over any set of annotations, e.g. TSSs, enhancers, as the 

average read coverage normalised by size (Figure S1 A and B). Moreover, it is possible 

to test both the gain and loss of ADP-ribosylation by setting the alternative hypothesis 

of the Kolmogorov-Smirnov test.  For example, to quantify the gain in ADP-ribosylation 

between day 6 and 0, the alternative hypothesis will be that the empirical distribution 

function of day 0 is not greater than that of day 6. When applied to the comparison of 

the CRAP-seq signal between day 6 and 0, the KS metric reproduces the global 
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increase in ADP-ribosylation.  Additionally, the KS metric detects a significant increase 

only for the PLUS NAD+ condition and not for the MINUS NAD+, indicating that it 

efficiently distinguishes biologically relevant differences from the technical variation 

intrinsic to the CRAP-seq technique.  

PARP1 binding analysis 

PARP1 binding was explored by quantifying and plotting the average ChIP-seq 

coverage up and downstream from the TSS of various gene categories. In order to 

study the differential phasing of the PARP1 signal around the TSS and autocorrelation 

analysis of this average signal was performed. For each coverage profile 2 calculations 

were done: from the TSS downstream and from the TSS upstream. The resulting 

autocorrelation vectors were then merged at the TSS, which corresponds to lag 0 and 

thus the autocorrelation maxima. The function shows up and down stream minima for 

the distances at which there is a maximum average enrichment of PARP1 ChIP-seq 

coverage around the nucleus. These distances are subsequently compared to the 

nucleosome positioning.   

Transcription factor footprinting 

 In silico foot-printing was performed as described previously (Zamudio et al., 

2019). 

Chromatin state differential analysis 

 Chromatin state analysis was performed as described previously (Zamudio et 

al., 2019). 
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8.1.1 AP-1 Imprints a Reversible Transcriptional Program of Senescent Cells 
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8.1.2 Necroptosis Microenvironment Directs Lineage Commitment in Liver 

Cancer 
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8.1.3 Cell Snapshot: Cellular Senescence Pathways 
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8.1.4 Cell Snapshot: Cellular Senescence in Pathophysiology 
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Titre : Décryptage les Processus Transcriptionelle dans la Sénescence Cellulaire: Le Rôle de PARP1 dans la 
Régulation de l'Expression Génique Associée à La Sénescence 
 
Résumé :  
La sénescence cellulaire est une réaction de stress complexe qui arrête la prolifération cellulaire et s'accompagne de 
bouleversements généralisés du métabolisme, de la structure de la chromatine et de l'expression des gènes, y compris 
la surexpression et la sécrétion de facteurs inflammatoires. La sénescence cellulaire a des effets bénéfiques en tant 
que mécanisme suppresseur de tumeurs et facilite le développement embryonnaire ainsi que la régénération tissulaire. 
Cependant, ce processus est également considéré comme un acteur important du vieillissement et des maladies liées 
à l'âge, principalement par son phénotype inflammatoire, appelé SASP (Senescence-associated secretory phenotype). 
            Les recherches actuelles pointent vers un rôle de PARP1 (poly(ADP-ribose) polymérase 1) dans la régulation 
transcriptionnelle des processus inflammatoires et la modulation de la structure de la chromatine. Néanmoins, les 
mécanismes exacts par lesquels PARP1 exerce ses fonctions de régulation et ses rôles dans le contexte de la régulation 
transcriptionnelle de la sénescence demeurent peu connus. 
            Dans ma thèse, j'ai entrepris de définir le rôle fonctionnel des activités catalytique et de liaison à la chromatine 
de PARP1 dans la régulation transcriptionnelle et la structure de la chromatine dans les cellules en sénescence. J'ai 
réalisé des analyses transcriptomiques à résolution temporelle, des études d'accessibilité de la chromatine et du 
paysage chromatinien de PARP1 par ChIP-Seq, ainsi que de la chromatine ADP-ribosylée en développant une nouvelle 
technique le CRAP-seq (Chromatin-Ribosylation-Affinity-Pulldown). 
            Ces analyses ont permis d’identifier une dichotomie de la fonction de PARP1 - l'une liée à son activité 
enzymatique d’ADP-ribosylation et l'autre à son activité de liaison à la chromatine non enzymatique - avec des impacts 
distincts sur le programme transcriptionnel de la sénescence. Sur la base de ces résultats, j’ai pu définir un nouveau 
rôle global pour PARP1 dans la modulation de la structure de la chromatine, d’une part par la stabilisation du 
positionnement des nucléosomes au niveau des promoteurs géniques et d’autre part par l’ADP-ribosylation des 
éléments régulateurs en cis pour finement réguler la transcription des gènes peu exprimés. Ainsi, ces recherches 
permettent d’envisager le rôle des inhibiteurs de PARP dans les thérapies ciblant la sénescence (thérapies 
sénolytiques) pour le traitement des pathologies liées au vieillissement. 
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Title : Deciphering Gene-regulatory Processes in Cellular Senescence: The Role of PARP1 in the Regulation of 
Senescence-Associated Gene Expression 
 
Abstract :  
Cellular senescence is a complex stress response that arrests cell proliferation and is accompanied by widespread 
changes in metabolism, chromatin structure, and gene-expression, including the overexpression and secretion of 
inflammatory factors. Cellular senescence is health-promoting as a tumor-suppressive mechanism, facilitating 
embryonic development and tissue regeneration. However, it is also considered a major contributor to aging and age-
related diseases, mostly through its inflammatory phenotype, the so-called SASP (senescence-associated secretory 
phenotype). 
 Current research supports the role of PARP1 (Poly (ADP-ribose) polymerase 1) in the transcriptional regulation 
of inflammatory processes and modulation chromatin structure. However, the exact mechanisms by which PARP1 
exerts its regulatory functions, and its roles in the context of regulating senescence gene-expression are underexplored. 
 In my thesis, I set out to define the functional role of PARP1 catalytic and chromatin binding activities in gene 
regulation and chromatin structure in cells undergoing senescence. I performed time-resolved transcriptomics, 
chromatin-accessibility studies, and mapping of the genome-wide locations of PARP1 using ChIP-seq and ADP-
ribosylated chromatin using a novel technique CRAP-seq (Chromatin-Ribosylation-Affinity-Pulldown). 
 Together, I identified a dichotomy of PARP1 function – one related to its enzymatic ADP-ribosylation activity 
and the other related to its non-enzymatic chromatin binding activity – with distinct impacts on the senescence 
transcriptional program. Based on these findings, I can define a novel and global role for PARP1 in and chromatin 
structure modulation by stabilizing nucleosomes positioning at gene promoters and ADP-ribosylation of cis-regulatory 
modules to fine-tune transcription of lowly expressed genes. Indeed, based on my investigations, the role of PARP-
inhibitors in senescence targeting therapies (senolytic therapies) for the treatment of age-related pathologies can be 
envisioned.  
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