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Molecular study of the mechanisms of action of CDK4 and CDK6 inhibitors
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CDK4 and CDK6 (CDK4/6) inhibitors are promising anticancer drugs. Recently, the Food and Drug Administration (FDA) approved three CDK4/6 inhibitors (palbociclib, ribociclib and abemaciclib) for treatments of hormone receptor (HR)-positive, human epidermal growth factor receptor 2 (HER2)-negative advanced or metastatic breast cancer.

CDK4/6 play an important role in the G1/S transition of the cell cycle. This function relies on the phosphorylation of their substrates, including the retinoblastoma protein (pRb) which is a main mediator for the expression of genes involved in the progression of cell cycle and DNA replication.

My thesis aims to understand the actions of CDK4/6 inhibitors in three projects. Using two cellular models established from adrenocortical carcinomas (ACC), namely SW-13 and NCI-H295R, I validated that response to CDK4/6 inhibitors depends on the presence of pRb.

Actually, CDK4/6 inhibitors effectively induce cell senescence in the pRb proficient ACC cell line SW-13 but not in pRb deficient NCI-H295R. Then, I focused on the actions of palbociclib on DNA replication dynamics in a pRb negative context. Using two pRb deficient cell lines (MDA-MB-468 and NCI-H295R), I showed how palbociclib interferes with the initiation of DNA replication. Finally, an ongoing study proposes the use of abemaciclib in combination with autophagy inhibitors. These co-treatments with two drugs induced synergistic effects on cell viability through the induction of apoptosis.

In summary, during my PhD thesis I studied the actions of three CDK4/6 inhibitors (ribociclib, palbociclib and abemaciclib) in different contexts (positive or negative pRb) on DNA replication and autophagy. This study provides meaningful understanding on the actions of CDK4/6 inhibitors and contributes to the development of a personalized treatment for cancers.

Titre: Etude moléculaire des mécanismes d'action des inhibiteurs de CDK4 et CDK6

Résumé: Les inhibiteurs de CDK4/6 sont des médicaments anticancéreux prometteurs.

Récemment, la Food and Drug Administration (FDA) a approuvé trois inhibiteurs de CDK4/6 (palbociclib, ribociclib et abemaciclib) pour les traitements du cancer du sein avancé ou métastatique négatif aux récepteurs hormonaux (HR) et positif au récepteur 2 du facteur de croissance épidermique humain (HER2). La fonction de CDK4/6 dans la transition G1/S du cycle cellulaire repose sur la phosphorylation de leurs substrats. En effet, la phosphorylation de leur substrat majeur, pRb, modifie l'expression de gènes impliqués dans la progression du cycle cellulaire et la réplication de l'ADN. Ma thèse vise à comprendre les actions des inhibiteurs de CDK4/6 sous trois aspects. Tout d'abord, j'ai étudié les effets anti-prolifératifs des inhibiteurs de CDK4/6 par rapport à la présence de pRb dans les carcinomes adrénocorticaux (ACC). J'ai validé que la réponse aux inhibiteurs de CDK4/6 dépend de la présence de pRb. En effet, les inhibiteurs de CDK4/6 induisent efficacement la sénescence cellulaire dans une lignée d'ACC exprimant pRb . En revanche, la réponse est différente pour une lignée déficiente pour pRb (NCI-H295R) puisqu'elle est résistante à ces traitements. Dans un deuxième temps, je me suis concentrée sur les actions du palbociclib sur la dynamique de la réplication de l'ADN dans un contexte pRb négatif. En utilisant deux lignées cellulaires déficientes en pRb (MDA-MB-468 et NCI-H295R), j'ai démontré comment le palbociclib empêche l'initiation de la réplication de l'ADN.

Enfin, je participe à une étude en cours au laboratoire qui propose que l'abemaciclib, en combinaison avec des inhibiteurs de l'autophagie, induit des effets synergiques sur la viabilité cellulaire de cellules déficientes en pRb. Cette perte de viabilité est la conséquence de l'apoptose induite par la combinaison de ces molécules. C'est la première fois que nous montrons que ce genre de combinaison a un effet dans un contexte pRb négatif et peut laisser présager de nouvelles voies thérapeutiques.

Cette étude fournira des connaissances approfondies et significatives sur les actions des inhibiteurs de CDK4/6 et contribuera au développement d'un traitement personnalisé pour les cancers.

Mots clefs: Inhibiteurs de CDK4/6, Réplication de l'ADN, Autophagie, Cancer, Cibles thérapeutiques

Résumé en français

Au cours de ma thèse, je me suis intéressée aux inhibiteurs de CDK 4/6 (Cyclin Dépendant kinase 4 et 6) qui sont des médicaments anticancéreux prometteurs. Ces molécules font partie de la troisième génération d'inhibiteurs de CDK qui est développée pour être plus puissante et spécifique envers les protéines CDK4 et CDK6. Récemment, la « Food and Drug Administration (FDA) » américaine a approuvé trois inhibiteurs de CDK4/6 (palbociclib, ribociclib et abemaciclib) pour les traitements du cancer du sein avancé ou métastatique, négatif aux récepteurs hormonaux (HR) et positif au récepteur 2 du facteur de croissance épidermique humain (HER2). Les protéines CDK4 et CDK6 jouent un rôle primordial dans la progression du cycle cellulaire. En effet, la fonction de CDK4/6 dans la transition G1/S du cycle cellulaire repose sur la phosphorylation de leurs substrats. En effet, la phosphorylation de leur substrat majeur pRb, modifie l'expression de gènes impliqués dans la progression du cycle cellulaire et la réplication de l'ADN. Ma thèse vise à comprendre les actions des inhibiteurs de CDK4/6 sous trois aspects. I. Identification des inhibiteurs de CDK4/6 comme des médicaments candidats pour le traitement des carcinomes adrénocorticaux.

Cette étude se compose de deux parties, dont l'une est l'analyse in silico des données transcriptomiques de la base de données The Cancer Genome Atlas (TCGA). Nous nous sommes concentrés sur 136 gènes impliqués dans la transition G1/S et la réplication de l'ADN en utilisant les données RNAseq de patients souffrant de carcinomes adrénocorticaux (ACC).

Premièrement, nous avons constaté que le regroupement hiérarchique basé sur les niveaux d'ARNm déterminait 4 groupes de gènes. La plupart des gènes des clusters 3 et 4 sont corrélés à l'expression de MKI67, un marqueur classique du taux de prolifération cellulaire. Le cluster 1 est inversement corrélé à ce marqueur de prolifération. Ensuite, parmi le reste des gènes, qui n'ont montré aucune corrélation significative avec l'expression de MKI67, nous avons identifié CDK6 dont la surexpression est fortement associée à des rechutes et décès précoces.

Sur la base de ces résultats, nous avons cherché, dans une deuxième partie, à évaluer les effets des inhibiteurs de CDK4/6 (palbociclib et ribociclib) sur des lignées cellulaires de carcinome adrénocortical, une lignée cellulaire pRb positive nommée SW-13 et une lignée cellulaire déficiente en pRb nommée NCI-H295R. Les inhibiteurs de CDK4/6 ajoutés en dose croissante diminuent efficacement la viabilité cellulaire et induisent l'arrêt du cycle cellulaire en phase G1 à faible dose (1µM) dans les cellules SW-13. Ceci est accompagné d'un niveau réduit de pRb phosphorylé. Pour mieux distinguer si l'arrêt du cycle cellulaire est transitoire ou permanent, nous avons étudié plusieurs caractéristiques de la sénescence, notamment l'activité de la b-galactosidase, les changements de granularité et de taille cellulaire, la présence de vésicules et l'irréversibilité de l'arrêt du cycle cellulaire. Les cellules traitées avec 1 ou 5µM de ribociclib présentent la plupart de ces caractéristiques. Une certaine proportion de cellules va redémarrer leur cycle cellulaire après élimination du traitement, illustrant ainsi la réversibilité du cycle cellulaire. Cependant, le palbociclib induit un arrêt irréversible appelé sénescence à 5µM, suggérant la présence d'« off-targets ».

Contrairement aux cellules SW-13, les cellules déficientes en pRb NCI-H295R présentent une résistance aux inhibiteurs de CDK4/6. Nous avons observé que la viabilité cellulaire n'est pas affectée jusqu'à 5µM d'inhibiteurs. Pourtant, le palbociclib diminue la viabilité cellulaire à 10 µM ou plus, contrairement au ribociclib. Nous avons en outre démontré que le palbociclib utilisé à forte dose induit l'apoptose dans les cellules NCI-H295R. Cela confirme que le palbociclib a des effets plus prononcés sur les cellules que le ribociclib. Nos résultats proposent les inhibiteurs de CDK4/6 comme nouveau traitement des carcinomes adrénocorticaux qui sont des cancers agressifs et qui n'ont pour l'instant que des options de traitement limitées.

Le premier chapitre décrit les effets anti-prolifératifs de CDK4/6 par rapport à la présence de pRb dans l'ACC. L'analyse des données transcriptomiques nous a permis d'identifier différents sous-groupes d'ACC avec un groupe dans lequel CDK6 est révélé comme biomarqueur. Ensuite, nous avons validé que les inhibiteurs de CDK4/6 induisent efficacement la sénescence cellulaire dans une lignée cellulaire ACC contenant pRb mais pas dans une lignée cellulaire déficiente en pRb (NCI-H295R). Au cours de ce projet, nous avons mis en évidence certaines preuves montrant que le palbociclib induit une réduction de la viabilité des cellules déficientes en pRb couplée à des cycles cellulaires aberrants. Ces observations nous conduisent à caractériser les actions du palbociclib dans un contexte pRb négatif. Cette étude est publiée dans le journal «Aging » (Hadjadj et al., 2017) II.A Palbociclib et la réplication de l'ADN Dans le deuxième chapitre, nous avons particulièrement étudié les effets du palbociclib sur la dynamique de réplication de l'ADN à l'aide de deux lignées cellulaires déficientes en pRb (MDA-MB-468 et NCI-H295R). L'originalité de ce travail est que nous avons étudié le palbociclib dans un contexte pRb négatif. Comme pRb est un substrat majeur pour CDK4/6 dans la transition G1/S du cycle cellulaire, son absence est largement considérée comme un marqueur de résistance. Cependant, nous avons observé de manière surprenante une progression aberrante du cycle cellulaire accompagnée d'une synthèse d'ADN diminuée dans les lignées cellulaires déficientes en pRb (MDA-MB-468 et NCI-H295R) et traitées avec du palbociclib. Cette découverte indique que le palbociclib peut avoir des impacts sur la réplication de l'ADN même en l'absence de pRb.

Pour décrypter les mécanismes d'action du palbociclib, j'ai mis en oeuvre deux méthodes puissantes dédiées à l'analyse du processus de réplication de l'ADN à savoir, l'analyse du programme temporel de la réplication (voir II.B) et le peignage moléculaire de l'ADN.

L'analyse du programme temporel nous permet de visualiser comment le palbociclib perturbe la réplication de l'ADN à l'échelle du génome entier. Le peignage moléculaire nous apporte une compréhension approfondie de la progression des fourches répliquées et de l'efficacité des origines au niveau moléculaire. En utilisant les deux méthodes susmentionnées, nous avons démontré comment le palbociclib perturbe la réplication de l'ADN et altère particulièrement l'étape d'initiation dans deux lignées cellulaires déficientes en pRb. De plus, en analysant les protéines liées à la chromatine, nous avons montré que le palbociclib diminue la quantité des protéines constituant le complexe de Pré-initiation (Pré-IC), induisant des défauts dans l'activation des origines. Nous avons constaté que le palbociclib altère l'étape d'initiation des origines de la réplication en régulant à la baisse l'expression des gènes codant pour les protéines du pré-IC.

En conclusion, cet article démontre l'existence de nouveaux mécanismes d'action du palbociclib dans la réplication de l'ADN d'une manière indépendante de pRb. Ces découvertes pourraient offrir de nouvelles possibilités d'utilisation du palbociclib comme traitement anticancéreux pour cibler les cancers déficients en pRb caractérisés par l'instabilité de leur génome. Le palbociclib pourrait exacerber cette instabilité en rendant les cellules plus vulnérables au stress réplicatif. Dans ce contexte, le palbociclib a le potentiel d'être associé à d'autres molécules thérapeutiques ciblant la réplication de l'ADN.

Cette étude est en cours d'écriture.

II.B Analyse efficace, rapide et facile à utiliser du programme temporel de la réplication de l'ADN avec la suite START-R La réplication de l'ADN est régulée par un programme spatio-temporel bien conservé permettant une activation contrôlée des origines de réplication. L'analyse de ce programme nous permet de comprendre comment les cellules organisent le déroulé de la réplication pour chaque région du génome tout au long de la phase S du cycle cellulaire. Cette analyse donne aussi un aperçu de l'efficacité de l'activation des origines et des mouvements de fourche à l'échelle du génome du début à la fin de la phase S. De plus, en comparant deux conditions, cela permet d'évaluer les impacts d'un médicament ou d'une modification génétique comme sources de stress réplicatif. Ainsi, la confrontation des résultats d'analyse du programme temporel de la réplication avec d'autres données disponibles telles que la cartographie des origines de réplication, le transcriptome ou la prédiction des structures secondaires de l'ADN nous permet d'identifier les caractéristiques moléculaires des régions altérées lors d'un stress réplicatif.

Dans cet article, nous montrons des méthodes rapides et faciles à utiliser pour analyser le programme temporel de la réplication. Tout d'abord, l'étape d'immunoprécipitation a été automatisée à l'aide du robot IP-Star® rendant les étapes expérimentales plus rapides et plus précises. Deuxièmement, nous avons développé la suite START-R, qui est dédiée à l'analyse des résultats de programme temporel de la réplication de l'ADN. Ce logiciel fournit des outils robustes que tout biologiste peut utiliser. L'analyseur START-R propose différents paramètres et outils statistiques simples d'utilisation. L'outil de visionnage START-R permet la visualisation des profils de programme temporel de la réplication à l'échelle du génome entier et distingue les régions de changements du programme temporel de la réplication en comparant deux conditions différentes. Notre méthode a été validée avec des données de microarray et de Repli-Seq et convient aux données de différentes espèces telles que la drosophile, le poisson zèbre, la souris et les cellules humaines.

Cet article propose un pipeline complet pour étudier efficacement et facilement le programme temporel de la réplication. Nous confirmons que notre méthode est aussi précise que le Repli-Seq tout en consommant moins de temps et d'argent. Enfin, la suite START-R rend la manipulation d'énormes quantités de données plus accessibles aux biologistes.

Cette étude est publiée dans le journal 'NAR Genomics and Bioinformatics' (Hadjadj et al., 2020). III. Amélioration des effets de l'abemaciclib en association avec des inhibiteurs de l'autophagie Enfin, le troisième volet de mon projet montre les effets de l'abemaciclib en association avec d'autres médicaments qui inhibent l'autophagie sur des lignées cellulaires déficientes en pRb.

L'objectif de cette étude est de parvenir à des traitements plus efficaces contre le cancer en utilisant des doses plus faibles de médicaments grâce à une stratégie de combinaison. Le cotraitement avec l'abemaciclib et la chloroquine montre des effets synergiques sur la viabilité cellulaire des deux lignées cellulaires déficientes en pRb que nous avons particulièrement étudiées (MDA-MB-468 et NCI-H295R). Cela indique que l'action de l'abemaciclib n'est pas médiée par la présence de pRb. Nous avons également démontré que cette combinaison induit la mort cellulaire par apoptose à faibles doses de chaque médicament. Les résultats pourraient promouvoir l'utilisation de l'abemaciclib en association avec la chloroquine pour le traitement du cancer.

Cette étude est soumise pour publication.

En résumé, au cours de ma thèse, j'ai étudié chacun des trois inhibiteurs de CDK4/6 (ribociclib, palbociclib et abemaciclib) dans différents contextes (pRb positif ou négatif) pour différents aspects de leurs actions (réplication de l'ADN, autophagie). Cette étude fournira des connaissances approfondies et significatives sur les actions des inhibiteurs de CDK4/6 et contribuera au développement d'un traitement personnalisé pour les cancers. 
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I. Cell cycle and cell cycle inhibitors

I.A Cell cycle regulation

The cell cycle is a process that allows a cell to duplicate the whole material and divide into two identical daughter cells. This consists of 4 phases G1 (Gap1), S (Synthesis), G2 (Gap2) and M (Mitosis) comprising two major events: DNA replication and segregation of the replicated DNA. Each step is controlled by numerous proteins and contributes to faithfully duplicate the DNA content and to distribute identical genetic material to two daughter cells (Figure 1). The main actors that regulate cell cycle progression are Cyclin-Dependent Kinases (CDKs), and the fine-tuning of which is essential for an accurate control of the cell cycle. The 

I.A.1 G1 phase and CDK4/6 regulation

During early G1 phase, synthesis of D-type cyclins (D1, D2, D3) is stimulated by mitogenic stimuli such as extracellular growth factors EGF (epidermal growth factor) and IGF (Insulinlike growth factor). Abundant Cyclin D then associates with either CDK4 or CDK6 (CDK4/6) to form an active CDK4/6-Cyclin D complex (Figure 2.A and 2.B). In fact, CDK4/6 activation is achieved in multiple steps. After the formation of the CDK-Cyclin D complex, the CDK activating kinase (CAK) Cdk7 in complex with Cyclin H and Mat1 fully activates CDK4/6 through the phosphorylation of a conserved Threonine residue located in the active site (as known as T-loop) of CDK4 and CDK6 [START_REF] Gu | Cell cycle regulation of CDK2 activity by phosphorylation of Thr160 and Tyr15[END_REF]. Active CDK4/6 then phosphorylate proteins of the pRb-family, namely pRb, p107 and p130 that sequester the transcription factors of the E2F family. Phosphorylated pRb releases the transcription factors E2F1, E2F2 and E2F3 that activate the expression of their respective target genes such as ORC1, CDC6, CCNA (Cyclin A) and CCNE (Cyclin E) that are involved in cell cycle progression and DNA synthesis [START_REF] Bracken | E2F target genes: Unraveling the biology[END_REF][START_REF] Ohtani | Expression of the HsOrc1 gene, a human ORC1 homolog, is regulated by cell proliferation via the E2F transcription factor[END_REF]. P107 and p130 of the pRb family share the function of gene repression in association with E2F4 and E2F5 inhibitory transcription factors (Dyson, 1998).

However, CDK4/6 complexes may also be regulated by their inhibitors, the CKI. The p16 protein inhibitor of the INK4 family can as well bind to both monomeric CDK4/6 and CDK4/6-Cyclin complexes. P16 prevents the activation of monomeric CDK4/6 by blocking their binding to Cyclin D. Actually, p16 is also able to bind CDK4/6-Cyclin D complexes and to inhibit their kinase function by interfering with the accessibility of ATP to the CDK4/6 ATP binding pocket [START_REF] Jeffrey | Structural basis of inhibition of CDKcyclin complexes by INK4 inhibitors[END_REF]. In contrast to p16, the Cip/Kip family proteins that include p21 and p27 have been found to bind the active forms of CDK4 or CDK6 in complexes with Cyclin D [START_REF] Cheng | The p21Cip1 and p27Kip1 CDK `inhibitors' are essential activators of cyclin D-dependent kinases in murine fibroblasts[END_REF].

I.A.2 CDK2 regulation in the G1/S transition.

In the early G1-phase, the CIP/KIP family inhibitors p21 and p27 inhibit the catalytic activity of CDK2 by their binding. This maintains the repression of E2F target genes mediated by hypo-phosphorylation of pRb. During the G1/S transition, the activation of CDK2 is mainly coordinated through its association with Cyclin E and by subsequent dephosphorylation/phosphorylation. CDK2 activation relies on the phosphorylation of Threonine 160 by CDK Activating Kinase (CAK) activity. Then, the full activation is achieved by phosphatases CDC25A and CDC25B which are up-regulated at the G1/S transition. These phosphatases dephosphorylate CDK2 on T14 and Y15 residues localized in the inhibitory cleft [START_REF] Hoffmann | Activation of the phosphatase activity of human cdc25A by a cdk2-cyclin E dependent phosphorylation at the G1/S transition[END_REF][START_REF] Gu | Cell cycle regulation of CDK2 activity by phosphorylation of Thr160 and Tyr15[END_REF], leading to a conformational change that opens the substrate binding site [START_REF] Bártová | Activation and inhibition of cyclin-dependent kinase-2 by phosphorylation; a molecular dynamics study reveals the functional importance of the glycine-rich loop[END_REF]. Hence, this active CDK2/CyclinE complex induces the hyperphosphorylation of pRb that in turn will activate the expression of the E2F target genes involved in DNA replication (Figure 2.C; [START_REF] Bertoli | Control of cell cycle transcription during G1 and S phases Cosetta[END_REF]. The increasing level of Cyclin A that will be associated either with CDK2 or CDK1 promotes the S-phase progression. Thus, Robert Fisher's group demonstrated coordination in time for the binding of Cyclin A with the S-phase CDKs. Although CDK1 and CDK2 share common steps for their activation (phosphorylation in their T-loop active site by CAK and binding with Cyclin), they are activated by distinct mechanisms (Figure 3). According to this model, CDK2 takes advantage in the early S phase of its competition with CDK1 for the binding to Cyclin A with whom it forms a stable active complex. It is only when a large part of available CDK2 is associated with Cyclin A in mid-late S phase that Cyclin A begins to bind to CDK1. Then, the full activation of CDK1 requires more complex steps including dephosphorylations on Tyr15 and Thr14 residues by CDC25. Thus, S-phase CDK1/2-Cyclin A complexes are involved in the regulation of DNA replication through two different processes [START_REF] Coverley | Distinct roles for cyclins E and A during DNA replication complex assembly and activation[END_REF]. First, it promotes the initiation of DNA replication and the synthesis of deoxynucleotides during elongation. Secondly, it inhibits the assembly of new pre-RCs (Pre-replication complex) on chromatin to prevent origin relicensing (See more in the chapter Introduction II.A).

I.A.4 CDK1 in the G2/M phase

CDK1 also plays a pivotal role in the G2-to M-phase transition through its association with either A-type or B-type Cyclin [START_REF] Enserink | An overview of Cdk1-controlled targets and processes[END_REF]. These complexes ensure a proper chromosome condensation and segregation before the cell division. During the G2phase, the CDK1/Cyclin A complex phosphorylates the Bora protein required for Aurora Adependent Polo like kinase 1 (Plk1) activation (Figure 4). The activated Plk1 then phosphorylates Cdc25 which in turn activates the CDK1-CyclinB complex ensuring the entry into mitosis [START_REF] Gheghiani | PLK1 Activation in Late G2 Sets Up Commitment to Mitosis[END_REF][START_REF] Vigneron | Cyclin A-cdk1-Dependent Phosphorylation of Bora Is the Triggering Factor Promoting Mitotic Entry[END_REF].

After DNA damage, the G2/M checkpoint is activated to prevent cells harboring irreversible defects from entering into M-phase. Thus, ATM and ATR pathways are activated together with their downstream associated kinases (CHK1 and CHK2) in a context of DNA double strand breaks (DSB) during the G2-phase [START_REF] Gong | PHF11 promotes DSB resection, ATR signaling, and HR[END_REF][START_REF] Löbrich | and Cancer Induction[END_REF].

CHK1 and CHK2 inhibit CDC25 phosphatase, which leads to CDK1 inhibition and prevents mitotic entry [START_REF] Timofeev | Cdc25 phosphatases are required for timely assembly of CDK1-cyclin B at the G2/M transition[END_REF]. Well-controlled progression of the cell cycle is essential to maintain cell integrity.

Considering that aberrant cell cycle activity is one of the characteristics of cancer development, targeting the cell cycle has been considered as an attractive option in the field of cancer therapy.

I.B Chemical CDK inhibitors

I.B.1 First CDK inhibitors

Based on numerous studies demonstrating involvements of CDK in cancer development, several CDK inhibitors have been developed for cancer treatments. First generations of CDK inhibitors are referred to as 'Pan-CDK' inhibitors because they bind to CDKs with relatively low specificity (Figure 5; [START_REF] Asghar | The history and future of targeting cyclin-dependent kinases in cancer therapy[END_REF]. One of the most studied CDK inhibitors of the first-generation is Flavopiridol developed by Sanofi-Aventis. This molecule has been shown to inhibit in vitro CDK1, CDK2, CDK4, CDK6 CDK7 and CDK9. The study of the crystal structure of the CDK2 and flavopiridol complex showed that the aromatic portion of flavopiridol binds particularly to the ATP-binding pocket of CDK2 [START_REF] De Azevedo | Structural basis for specificity and potency of a flavonoid inhibitor of human CDK2, a cell cycle kinase[END_REF].

In preclinical studies, flavopiridol was shown to induce either cell cycle arrests in G1/S or G2/M phases or apoptosis. This evidence prompted scientists to drive massive investigations in more than 60 clinical trials since 1988. However, flavopiridol failed to enter phase III-trial due to low level of clinical activity in several solid tumor types.

The second generation of CDK inhibitors was designed with the aim of increasing their specificities for distinct CDKs. Among these, the Dinaciclib developed by Merck has shown more specificity toward CDK1, CDK2, CDK5 and CDK9 than toward CDK4, CDK6 and CDK7. Many studies have demonstrated that Dinaciclib blocks cell cycle progression in several cancer cell lines and reduces tumor development in mouse models. However, Dinaciclib showed no benefit for patients in Phase II clinical trials (Jingwen, Yaochen and Guojun, 2017).

I.B.2 The third generation of CDK inhibitors: CDK4/6 selective inhibitors

Many evidences have proven that the selectivity of inhibitory action is a key element for more efficacy and less toxicity of a given molecule when used as a cancer treatment. In this context, the third generation of CDK inhibitors is developed to be more potent and specific toward CDK4 and CDK6 proteins. Three CDK4/6 inhibitors are now approved by the FDA (Food and Drug Administration): Palbociclib (PD-0332991, IBRANCE, Pfizer), Ribociclib (LEE011, KISQALI, Novartis) and Abemaciclib (LY-2835219, VERSENIO, Lilly) (Figure 5). 

I.B.2.a Structural mechanism of inhibition

The high specificity of these CDK4/6 inhibitors may be illustrated with their IC50 in the nanomolar range exclusively for CDK4 and CDK6 (Chen et al., 2016). X-ray co-crystal structures of CDK6 with each inhibitor were undertaken to explain this specificity at the atomic level (Figure 6). Structural analysis of the CDK6/inhibitor complex reveals that these small inhibiting molecules bind to the ATP-pocket of CDK6, thus inducing a change in the protein conformation from an active to an inactive form. The authors also found that the interaction of the inhibitor with His100 and Thr107 residues near the hinge region of CDK4/6 proteins is responsible for the specificity of the inhibitors, since these residues are only found in CDK4 and CDK6.

In addition, recent studies have revealed that the CDK4/6 activation status influences the affinity of CDK4/6 inhibitors. For instance, the phosphorylation of Thr 172 residue on CDK4 by CAK is necessary for the binding of inhibitors. Also, when bound with p27, CDK4/6 cannot be targeted by CDK4/6 inhibitors [START_REF] Guiley | P27 allosterically activates cyclin-dependent kinase 4 and antagonizes palbociclib inhibition[END_REF][START_REF] Raspé | CDK 4 phosphorylation status and a linked gene expression profile predict sensitivity to palbociclib[END_REF]. 

I.B.2.b Principal molecular mode of action in cell lines

Over the past decade, many independent groups have investigated the effects of CDK4/6 inhibitors, unraveling their principal mechanisms of action. The main target of CDK4/6 is the tumor suppressor pRb. Binding of these inhibitors to the ATP-pocket of CDK4/6 hampers the phosphorylation activity of these kinases, which maintains pRb in a hypo-phosphorylated state in particular at the Ser780 residue. Thus, the hypo-phosphorylated pRb sequesters E2F family transcription factors and represses the transcription level of many genes involved in the cell cycle progression and the DNA replication process (Figure 7; [START_REF] Bracken | E2F target genes: Unraveling the biology[END_REF][START_REF] Sánchez-Martínez | Cyclin dependent kinase (CDK) inhibitors as anticancer drugs[END_REF] It has been shown that palbociclib effectively leads to dephosphorylation of p107 and p130 in several cancer cell lines, contributing to cell cycle arrest along with pRb (Dayana B Rivadeneira et al., 2010). Erik S Knudsen's group revealed that an acute loss of pRb in pRb proficient hepatoma cell lines triggers the accumulation of p107 that compensates the response upon CDK4/6 inhibition. However, the authors found that p107 and p130 are not affected in pRb-deficient hepatoma cell line (Hep3B) exhibiting resistance to CDK4/6 inhibition, implying that the proliferation in pRb negative cancer cells is not dependent on CDK4/6 activity.

I.B.2.c Predictive biomarkers

In an effort to refine the response to CDK4/6 inhibitors, many studies have investigated the resistance and adaptation shown upon treatment with CDK4/6 inhibitors. Most cases are related to an alteration of the pRb pathway. For example, a group has shown that the effect of palbociclib in hepatocellular carcinoma (HCC) cell lines are dependent on the presence of pRb (Bollard et al., 2016). They tested the effects of 1µM of palbociclib on the proliferation of 15 liver cancer cell lines and observed that 14 out of 15 were sensitive to palbociclib. Hep3B cells were the exception and displayed an absence of pRb. Furthermore, the authors generated palbociclib-resistant cell lines by long exposure of cells with increasing doses of the inhibitor. They showed that pRb protein level was completely lost or reduced, indicating that the loss of pRb function would be a signature for the resistance to palbociclib. Another predictive feature for resistance is the overexpression of Cyclin E. Thus, palbociclib resistant MCF-7 cells (from a breast cancer cell line) were obtained by chronic exposure to 1µM of palbociclib during 3 to 4 months. Resistant cells showed a higher expression of Cyclin E1 protein that was due to the amplification of the CCNE1 gene [START_REF] Garcia-Murillas | Early Adaptation and Acquired Resistance to CDK4/6 Inhibition in Estrogen Receptor-Positive Breast Cancer[END_REF].

These cells failed to reduce the phosphorylation level of pRb and bypassed the G1/S checkpoint. These findings underlie that alterations in the expression of genes like CCNE1 and RB1 are now largely considered as common biomarkers to predict resistance to CDK4/6 inhibitors.

I.B.2.d Clinical trials and therapeutic uses

On the basis of the numerous preclinical studies that supported anti-proliferative effects of CDK4/6 inhibitors, these inhibitors have been investigated for several clinical trials. Among these, phase III studies have demonstrated improvement in median PFS (progression free survival) for patients treated with CDK4/6 inhibitors in combination with endocrine therapies in advanced and metastatic breast cancer (Table 3; Spring et al., 2019). (Note that PFS means the length of time during and after the treatment of a disease, such as cancer, that a patient lives with the disease but without any worsening as defined by the National Cancer Institute)

As a consequence, these three inhibitors are FDA-approved for the treatment of hormone receptor-positive (HR+) metastatic breast cancers in combination with endocrine therapies such as non-steroidal aromatase inhibitor or fulvestrant (oestrogen receptor antagonist).

Regarding toxicity or adverse effects, hematologic toxicities were reported but could be managed by a decrease in the inhibitors dose. Other non-hematologic toxicities such as fatigue, nausea, diarrhea, decreased appetite, and infections are considered to have a mild impact on the therapy efficacy [START_REF] Sobhani | Combinations in Breast Cancer[END_REF]. To date, based on these encouraging results, more ongoing clinical trials have been conducted for treatments of other breast cancer subtypes (HER2 positive or triple negative) by CDK4/6 inhibitors either alone or in combination with other therapies (Chen et al., 2019). However, as mentioned above, resistance to inhibitors that mainly involves the pRb pathway has been observed in preclinical studies. Consistent with these findings, an alteration of the pRb pathway was observed in patients in PALOMA-3 study by the analysis of the circulating tumor DNA (Chen et al., 2019;Spring et al., 2019). Understanding the molecular mechanisms of resistance is thus an essential key to reduce failure of treatments. 

I.B.3 CDK4/6 inhibitors beyond the pRb pathway

Given that pRb is considered as a biomarker for the response to CDK4/6 inhibitors, many studies have focused on their antitumoral effects in pRb proficient cells. Actually, due to their narrow specificity for CDK4 and CDK6, these inhibitors are highly dependent on the presence of pRb. However, these three inhibitors have their own specificity with different spectra of affinity to other proteins referred to as "off-target". Indeed, ribociclib is the most specific drug targeting CDK4 and CDK6 as compared to palbociclib and abemaciclib which also target other kinases with relatively low affinity. Palbociclib has been shown to target among others casein kinase 2 and PIK3R4 (Phosphoinositide-3-Kinase Regulatory Subunit 4) which regulate autophagy (Natalia J. Sumi). Unlike ribociclib and palbociclib, abemaciclib shows toxicity at doses lower than 1µM in pRb deficient cell lines, implying a larger spectrum of off-targets [START_REF] Knudsen | Biological specificity of CDK4/6 inhibitors: Dose response relationship, in vivo signaling, and composite response signaturez[END_REF]. Consistent with the finding, a multi-omic study revealed that abemaciclib also targets other kinases including CDK1 and CDK2 (Hafner et al., 2019). Some studies showed that CDK4/6 inhibitors may have "non-canonical" mechanisms of actions on CDKs. Pierre Roger's group has shown that palbociclib efficiently inhibits the activity of CDK4/6 but paradoxically stabilizes CyclinD3 bound to CDK4/6 [START_REF] Paternot | The CDK4/CDK6 inhibitor PD0332991 paradoxically stabilizes activated cyclin D3-CDK4/6 complexes[END_REF]. Strikingly, this complex has been found to be devoid of p21 and p27 kinase inhibitors. This CDK6/CyclinD3 complex could be activated after the elimination of palbociclib by inducing cell cycle entry even in absence of any mitogenic stimulation. Moreover, a recent study has revealed the crystal structure of trimeric p21/p27-CDK4-CylinD complexes and discovered different mechanisms of action of palbociclib in relation to different allosteric forms of these enzymes (Figure 9; [START_REF] Guiley | P27 allosterically activates cyclin-dependent kinase 4 and antagonizes palbociclib inhibition[END_REF]. Indeed, phosphorylated p27 complexes with CDK4/CyclinD1 are activated to promote its kinase activity. This trimeric complex has been shown to be insensitive to palbociclib. Surprisingly, palbociclib preferentially binds to monomeric CDK4/6 in breast cancer cell lines, which prevents the binding of p21 to the CDK4/6-CyclinD complexes. As a consequence, this free p21 was shown to inhibit CDK2 instead. This reveals that the CDK4/6 inhibitors have indirect effect on CDK2 by a non-canonical pathway of p21. Finally, many evidences illustrate that CDK4/6 inhibitors impact cellular metabolism. For instance, it has been reported that CDK4/6 inhibitors induce autophagy in several cancer cell lines. In this context, autophagy inhibitors such as chloroquine and Spautin-1 have been combined with CDK4/6 inhibitors and have been shown to have synergistic effects in breast and gastric cancer cell lines [START_REF] Valenzuela | Palbociclib-induced autophagy and senescence in gastric cancer cells[END_REF][START_REF] Vijayaraghavan | CDK4/6 and autophagy inhibitors synergistically induce senescence in Rb positive cytoplasmic cyclin e negative cancers[END_REF]. All these findings strongly suggest that the mechanisms of action of CDK4/6 inhibitors are not as simple as expected but seem more sophisticated.

II. DNA replication and cancer

II.A DNA Replication

DNA replication is a highly regulated molecular process that ensures the duplication of the genetic material with accuracy and fidelity. This process comprises several steps that occur through G1-and S-phases of the cell cycle: origin licensing, origin activation, duplication of DNA and termination (Figure 10). In metazoans, thousands of origins are licensed in G1phase and a subset of them will be activated in S-phase to initiate the synthesis of DNA by applying the replication timing program defined during the Timing Decision Point (TDP) at the very beginning of the G1-phase. 

II.A.1 Origin licensing

II.A.1.a Loading of the Origin Replication Complex

At the molecular level, during the G1-phase, CDKs signaling pathway drives cells to prepare the DNA synthesis through the origin licensing step, named Origin Decision Point (ODP).

The very first step of DNA replication initiation occurs with the loading on chromatin of the origin recognition complex (ORC) composed of 6 protein subunits (ORC 1-6) [START_REF] Kara | Orc1 binding to mitotic chromosomes precedes spatial patterning during G1 phase and assembly of the origin recognition complex in human cells[END_REF]. This complex binds to chromatin in an ATP-dependent manner and then recruits two essential origin licensing factors, namely Cdc6 and Cdt1. It is of note that the level of Cdt1 is regulated through its sequestration by Geminin [START_REF] Ballabeni | Geminin deploys multiple mechanisms to regulate Cdt1 before cell division thus ensuring the proper execution of DNA replication[END_REF][START_REF] Fujita | Cdt1 revisited: Complex and tight regulation during the cell cycle and consequences of deregulation in mammalian cells[END_REF]. Furthermore, Geminin maintains the levels of Cdt1 by preventing its degradation in mitosis, thus contributing to prepare the pre-RC formation in G1-phase [START_REF] Ballabeni | Geminin deploys multiple mechanisms to regulate Cdt1 before cell division thus ensuring the proper execution of DNA replication[END_REF].

II.A.1.b Assembly of the Pre-RC

During the early G1-phase, the cell cycle regulatory E3 ubiquitin ligase anaphase promoting complex/cyclosome (APC/C) targets Geminin for proteasome degradation, releasing Cdt1.

Then, the chromatin-bound ORC/Cdc6 complex and Cdt1 are essential to recruit the Minichromosome Maintenance (MCM) Complex required for the assembly of pre-replication complex (Pre-RC) (Figure 11.A; [START_REF] Randell | Sequential ATP hydrolysis by Cdc6 and ORC directs loading of the Mcm2-7 helicase[END_REF]. MCM complexes are then loaded as head-to-head double hetero-hexamers (composed of the 6 subunits MCM2-7) and function as replicative helicases that will unwind DNA into two directions once activated [START_REF] Evrin | A double-hexameric MCM2-7 complex is loaded onto origin DNA during licensing of eukaryotic DNA replication[END_REF].

The Pre-RC assembly is not sufficient to decide where and at what time replication will initiate. Therefore, the initiation is regulated by a precise spatial and temporal program during the G1-phase set up at the TDP and ODP at a whole genome scale (Figure 11.B and C;[START_REF] Gilbert | Establishment of spatial and temporal program for mammalian chromosome replication[END_REF]Marchal, Sima and Gilbert, 2019).

II.A.1.c Spatial and Temporal regulation of DNA replication

After the formation of the pre-RCs, the TDP occurs in early G1-phase. Replication timing is tightly linked to the re-positioning of the chromosomes in nuclear architecture, by which early replicating domains and late replicating domains are distinguished [START_REF] Gilbert | Cell fate transitions and the replication timing decision point[END_REF]. Indeed, two distinct compartments of chromatin have been distinguished by comparison of 'replication foci' in early S phase and late S phase. These two compartments are indicative of early replication and late replication domains which are located in interior regions of the nucleus and in the regions at the nuclear periphery and around the nucleolus, respectively (Figure 11.C).

Hence, after the TDP, the ODP determines which origins will be activated. Initially, this concept was well established in a model using isolated nuclei from Chinese hamster ovary cells and Xenopus egg cytosol [START_REF] Wu | A distinct G1 step required to specify the Chinese hamster DHFR replication origin[END_REF]. The authors demonstrated that DNA 29 replication in the Dihydrofolatereductase (DHFR) locus initiates at specific origin sites when nuclei are isolated in late-G1, but at random sites when nuclei are isolated in early-G1. The findings identified a distinct G1 step that specifies the replication origins. This spatial and temporal organization of replication guarantees cells the availability of limiting factors such as nucleotides and required proteins at different times in order to ensure a complete duplication of DNA. 

II.A.2 Origin firing

Once the Pre-RC is assembled, licensed origins are ready to be activated throughout the Sphase (Figure 12.a). To activate replication origins, the Pre-RC needs to be converted to a Pre-Initiation Complex (Pre-IC) through multiple steps (Figure 12.b). The key elements that coordinate the transition between Pre-RC and Pre-IC are Dbf4 dependent kinase (DDK) and S-phase CDKs. DDK complex consists of the protein serine/threonine kinase Cell Division Cycle 7 protein (CDC7) and its catalytic subunit DBF4. The regulation of DBF4 gene expression depends on the cell cycle progression (Jiang et al., 1999). Indeed, DBF4 gene expression has been shown to be upregulated in the G1-phase, which in turn elicits the functional activity of CDC7. High activity of DDK and S-phase CDK is required for the initiation of replication. They collaborate to phosphorylate MCM components, which promotes the recruitment of helicase activators, Cell division cycle 45 (CDC45) and Go-Ichi-Ni-San complex (GINS) on chromatin. This leads to the formation of a functional helicase: the Cdc45-MCM-GINS (CMG) complex [START_REF] Sheu | mediated mechanism to promote S phase progression[END_REF]. It is also of note that CDK and DDK play pivotal roles in activating other replicative factors necessary for the CMG assembly such as Treslin, TOPBP1, RecQL4 and MCM10 (Figure 12.b;Im et al., 2009). CDK2 will then phosphorylate Treslin, facilitating its binding with TopBP1. Indeed, Treslin and TOPBP1 have been demonstrated to interact with CDC45 and to be required for its recruitment to chromatin. In addition, CDK2 phosphorylates RecQ4 which is required for the activation of the CMG complex together with Mcm10 (Tanaka and Araki, 2013). 

II.A.3 Elongation

To start DNA synthesis, a replicative machinery referred to as the replisome is required to be assembled. In addition to the CMG complex, DNA polymerases, replication factor C (RFC), proliferating cell nuclear antigen (PCNA), replication protein A (RPA) and other factors are needed to be loaded onto chromatin (Figure 12.c).

As a functional helicase, the CMG complex unwinds double strand DNA. Indeed, as the helicase progresses, single strand DNA (ssDNA) is formed and stabilized by RPA binding, thus protecting the gap between DNA polymerases and the helicase. The elongation of DNA replication then relies on the activity of three replicative DNA polymerases, a, d, e (in the direction 5'-3' on the DNA strands). DNA Polymerase α-primase complex is essential for the initiation of the elongation on both the leading and lagging strands. This complex consists of 4 subunits including p48 for the RNA primase activity and p180 for the polymerase activity.

Primase synthesizes a short stretch of RNA on ssDNA to provide a primer for Pola which initiates the synthesis of DNA. Then, RFC recruits PCNA and helps switch from Polα to Polε on the leading strand. Pole extends bulk DNA with a high fidelity through its 3′-5' exonuclease activity which allows the proofreading of its own errors. On the lagging strand, Polα initiates and Polδ takes over the DNA synthesis forming the Okazaki fragment. To complete DNA synthesis, maturation of the Okazaki fragment is required [START_REF] Stodola | Resolving individual steps of Okazaku Fragment maturation at a msec time-scale[END_REF]. When Polδ reaches to the end of each downstream Okazaki fragment, it carries out the strand displacement synthesis. Then, Flap Endonuclease 1 (FEN1) and DNA ligase I allow to remove the RNA primer and ligate the gaps between two Okazaki fragments [START_REF] Dewar | Mechanisms of DNA replication termination[END_REF].

II.A.4 Termination

The termination of DNA replication occurs when two replication forks converge, ensuring the completion of DNA synthesis. This process includes the convergence of the forks, the decatenation for the resolution of topological stress and the disassembly of the replisomes [START_REF] Dewar | Mechanisms of DNA replication termination[END_REF]. First, two replication forks encounter without detectable pausing or stalling, but bypass each other, remaining the formation of positive DNA supercoils. In order to resolve this topological stress, DNA topoisomerases are involved in the elimination of catenanes, which is called decatenation. Finally, the replisomes dissociate from the chromatin. This step requires CMG disassembly by ubiquitination. E3 ubiquitin ligase Cullin Ring Ligase 2 with Lrr1 (CRL2 Lrr1 ) ubiquitin Mcm7, which recruits the p97/VCP segregase, an AAA-ATPase that in turn releases CMG complexes from chromatin [START_REF] Dewar | Mechanisms of DNA replication termination[END_REF].

Accurate DNA replication determines the integrity of the genome. In the next chapter, we will see how defects in the DNA replication process threaten genomic instability and contribute to the development of cancer.

II.B Replication stress and cancer

Classically, Replicative stress (RS) is defined as slowing down, stalling or collapsing of replication forks [START_REF] Gaillard | Replication stress and cancer[END_REF]. This phenomenon is characterized by the uncoupling of the helicase and the DNA polymerase, forming a large gap of ssDNA between the two machineries. Then, ssDNA is coated with RPA and triggers Sphase DNA checkpoint through ATM/ATR pathways (Figure 13). 

II.B.1 Natural sources of replication stress

During the elongation process, replication forks encounter natural barriers that may be sources of replicative stress. These barriers represent DNA secondary structures such as hairpins, G-quadruplexes (G4), R-loops or altered DNA topology induced by torsional stress, and also ssDNA or DSBs (Figure 14.a;[START_REF] Gaillard | Replication stress and cancer[END_REF]. In order to complete DNA replication, the cells have to manage these obstacles through several strategies including the ones based on the ability of DNA helicases to unwind double stranded DNA. Among them, Werner syndrome ATP-dependent helicase (WRN) is a member of the RecQ family of helicases that possesses a 3'->5' exonuclease activity. It has been demonstrated that WRN is necessary to restart stalled forks, and that it efficiently unwinds G4.

Actually, defects in WRN have been shown to induce replication stress [START_REF] Mohaghegh | The Bloom's and Werner's syndrome proteins are DNA structurespecific helicases[END_REF].

Mutations affecting WRN activity are the cause of Werner syndrome and are associated with a high risk of cancer development [START_REF] Mukherjee | Werner syndrome protein and dna replication[END_REF]. 

II.B.2 Oncogene induced replication stress

Defects in the initiation of DNA replication are sources of replication stress. Activation of oncogenes can cause aberrations in origin licensing and firing steps through different mechanisms (Petropoulos et al., 2019). This includes either inefficient origin licensing or origin firing, or unscheduled replication initiation such as re-replication or premature origin activation (figure 15). Those defects in the initiation of DNA replication may generate replication stress and threaten the stability of the genome, thus contributing to tumorigenesis. Perturbation in the number of activated origins Thousands of origins are licensed in human cells to ensure a complete and timely controlled DNA replication, even though many of them remain dormant in an unperturbed S phase.

Actually, these dormant origins are only fired as a backup system in presence of replicative stress [START_REF] Mcintosh | and the Response to Replicative Stresses[END_REF][START_REF] Courtot | The protective role of dormant origins in response to replicative stress[END_REF]). An efficient origin licensing and firing is obviously critical to maintain the integrity of the genome. In this context, a reduced number of licensed origins or an insufficient number of activated origins could be a threat to a successful and on time replication process. Armelle Lengronne and Etienne Schwob demonstrated the role of the yeast CDK inhibitor Sic1 in promoting origin licensing in late G1-phase. The lack of Sic1 triggers the initiation of DNA replication with a reduced number of origins and an extension of S-phase, resulting in the instability of the genome [START_REF] Lengronne | The yeast CDK inhibitor Sic1 prevents genomic instability by promoting replication origin licensing in late G1[END_REF]. Similarly, in human cells an overexpression of Cyclin E in late mitosis and early G1 prevents the loading of MCMs on chromatin and interferes with the assembly of Pre-RCs, which leads to a reduced number of licensed origins.

In addition, the shortening of the G1-phase is an underlying mechanism by which cells prematurely enter in the S-phase [START_REF] Ekholm-Reed | Deregulation of cyclin E in human cells interferes with prereplication complex assembly[END_REF][START_REF] Ahuja | A short G1 phase imposes constitutive replication stress and fork remodelling in mouse embryonic stem cells[END_REF]. A reduced number of active origins can generate replication stress, as in this condition replicative forks would have to overcome longer distances. This could increase the probability of the forks to encounter barriers that would induce their stalling. This, in turn, would activate the S-phase checkpoint in the cells, resulting in a decrease in the firing of dormant origins. Hence, some defects in origin activation may cause uncompleted DNA replication called under-replication (figure 15;[START_REF] Gaillard | Replication stress and cancer[END_REF] In contrast, ectopic or premature origin firing may also induce replication stress. This can lead to a lack of necessary replication factors that may induce a slowdown of forks. It has also been shown that a greater number of activated origins increases the chances for the replisome to encounter the transcription machinery, which will cause collisions of the two machineries and potential impediments to the replication fork progression [START_REF] Macheret | Intragenic origins due to short G1 phases underlie oncogene-induced DNA replication stress[END_REF].

Re-replication

The DNA Replication is a precisely regulated process prone to occur with a 'once and only once' rule in a single cell cycle [START_REF] Machida | Right place, right time, and only once: Replication initiation in metazoans[END_REF]. Another source of replication stress is the re-replication phenomenon, which occurs when pre-RCs are re-loaded on chromatin, indicating a re-licensing of the origins. This unscheduled replication contributes to form a multi-fork structure with a higher risk of fork collision (Figure 15). Through this increase in the number of replication forks, re-replication may also result in a deficit of replication factors that cause fork stalling or slowing down. As a result, rereplication prompts DNA breaks and partial aneuploidy after the segregation of chromosomes [START_REF] Neelsen | Deregulated origin licensing leads to chromosomal breaks by rereplication of a gapped DNA template[END_REF]. As mentioned above, Cdt1 plays a key role in the formation of pre-RCs, and its degradation avoids the re-replication process to prevent new origin licensing in Sphase. An overexpression of Cdt1 has been shown to cause re-replication with an accumulation of cells in G2/M phase and the appearance of a subpopulation of cells whose DNA content is greater than 4C [START_REF] Hall | Cdt1 and Cdc6 are destabilized by rereplication-induced DNA damage[END_REF].

Reactive Oxygen Species

It is now well established that Reactive Oxygen Species (ROS) represent a significant source of endogenous DNA damage [START_REF] Srinivas | ROS and the DNA damage response in cancer[END_REF]. The accumulation of DNA damage leads to the blockage of the elongation step, which could increase the possibility to disrupt the progression of replication forks. Otherwise, a recent study has demonstrated that redox signaling mediates a link between the biosynthesis of dNTPs and the replisome activity (Somyajit et al., 2017). They showed that a mild perturbation of the Ribonucleotide reductase (RNR) enzyme results in an increased level of ROS that is accompanied by the dissociation of the fork accelerator TIMELESS from the replisome, resulting in a slowing down of replication forks. The elevated ROS level modifies the oligomerization status of Peroxiredoxin 2 (PRDX2), which promotes the dissociation of TIMELESS. This evidence suggests that the redox signaling can directly influence the regulation of the dNTP biosynthesis, whose balance is a fundamental element of the replication process

Deregulation of the replication initiation step without any fork slowdown

In some cases, defects of origin activations lead the cells to genomic instability rather by accelerating the progression of replication forks than by inducing forks stalling. Recently, evidence demonstrating that the number of active origins is inversely correlated to the fork speed have emerged [START_REF] Zhong | The level of origin firing inversely affects the rate of replication fork progression[END_REF]. Thus, the depletion of Cdc7 has been shown to concomitantly increase the inter-origin distances and the forks speed (Rodriguez-Acebes, Mourón and Méndez, 2018). This acceleration of the fork progression could be an adaptive mechanism that compensate the longer distance the replisome has to overcome. Despite this compensatory regulation, the paucity of origins can also threaten the completion of DNA replication, by leaving some regions of chromatin under-replicated, hence contributing to a global genomic instability.

II.C S-phase checkpoint and cellular responses

In order to preserve the genome integrity, cells rely on mechanisms of surveillance referred as to S-phase checkpoints. Ataxia telangiectasia and Rad3-related (ATR) with the serine/threonine kinase/Checkpoint kinase I (CHK1) is the main pathway to face replication stress (Figure 16). Upon replicative stress, the uncoupling between helicase and polymerase generates a larger amount of ssDNA. As a consequence, RPA that has a high affinity for ssDNA accumulates, protects the ssDNA and recruits sensor proteins such as RAD17-RFC and RAD9-RAD1-HUS1 as well as TopBP1 which in turn activate ATR/Ataxia telangiectasia and Rad3-related interacting protein (ATRIP) kinase activity. ATR then phosphorylates its downstream targets, in particular CHK1 at residues Ser317 and Ser345, ssDNA-bound RPA at Ser33 and Histone H2AX at Ser139. Checkpoint kinases orchestrate several downstream factors, permitting cells to respond to various threats during replication and to complete DNA replication. Indeed, the ATR/CHK1 pathway leads to the stabilization of stalled replication forks to protect them from collapsing.

This may induce the formation of reversed forks called 'chicken foot' that protect stalled forks [START_REF] Kotsantis | Mechanisms of oncogene-induced replication stress: Jigsaw falling into place[END_REF]. Forks restart may thus be achieved through different pathways as homologous recombination, repriming or template switching (Figure 16). In addition to a direct resolution of stalled forks, a regulation of the origin firing also 

II.D Consequence of replication stress

Given the importance of the replication process for genome integrity and cell viability, cells have robust cell cycle checkpoints to deal with possible occurrence of replication stress. Despite this surveillance, several consequential defects can result in genomic instability. Indeed, most cancers represent various characteristics of genomic instability such as increased frequencies of base pair mutation, Chromosome instability (CIN) or microsatellite instability (MIN). CIN consists in a change in the number (aneuploidy) or in the structure of chromosomes such as chromosome breaks or fragmentation (Figure 17; Vargas-Rondón, Villegas and Rondón-Lagos, 2018). During the segregation of chromosomes, remaining under-replicated DNA can induce the appearance of lagging chromosomes and anaphase bridges. This mis-segregation can also generate micronuclei in daughter cells after mitosis [START_REF] Zeman | Causes and consequences of replication stress[END_REF]. A well-studied model to account for the CIN mechanisms is common fragile sites (CFS) [START_REF] Debatisse | A journey with common fragile sites: From S phase to telophase[END_REF]. CFSs are regions of the genome that are difficult to replicate and prone to breakage. In general, these sites are located in late replicating domains, AT-rich regions and associated with large genes. These features are considered as intrinsic reasons of fragility. Indeed, CFSs are susceptible to molecular conflicts between replication and transcription machineries. Furthermore, due to the poor number of origins and the late replication timing of CFS, these regions are frequently left underreplicated upon replication stress, resulting in chromosome breaks. Hence, additional replication stress can exacerbate the fragility of the regions. Targeting replication stress is an attractive idea in the field of cancer therapy. Indeed, replicative stress in cancer has double facets. On one hand, an unstable replication process drives cells toward tumorigenesis, making cells even more proliferative with an aberrant cell cycle and also more flexible to adapt to a changing environment or to bypass tumor suppressor cellular control. Thus, defects in DNA replication constitute the major driving force to genomic instability and cancer. On the other hand, because cancer cells often exhibit chronic replication stress compared to normal cells, they are more sensitive and vulnerable to genotoxic stress. In this point of view, the replication stress and the involved pathways could be exploited as therapeutic targets for cancer [START_REF] Zhang | Association of polymorphisms in translesion synthesis genes with prognosis of advanced non-small-cell lung cancer patients treated with platinum-based chemotherapy[END_REF][START_REF] Ubhi | Exploiting DNA replication stress for cancer treatment[END_REF].

Therefore, deciphering the mechanisms of replication stress is important for understanding how the latter contributes to genomic instability and cancer development.

Projects of thesis

During my thesis, I was interested in CDK4/6 inhibitors (palbociclib, ribociclib and abemaciclib) that are promising anticancer drugs. First, analysis of transcriptomic data from "The Cancer Genome Atlas (TCGA)" database had shown that CDK6 overexpression was a marker for a poor prognosis of viability for adrenocortical carcinomas patients. I studied the effects of palbociclib and ribociclib on cell models specific for this cancer, namely SW-13 and NCI-H295R cell lines.

We observed an impact of palbociclib on the viability of pRb deficient NCI-H295R cell line, which was associated with apparent DNA replication defects. Based on these first results, I then focused my work on palbociclib-induced DNA replication stress and genomic instability in two pRb deficient cell lines namely NCI-H295R and MDA-MB-468. For the first time, I demonstrated that palbociclib impairs the activation of DNA replication origins in a pRb independent manner, which in turn triggers replication stress and genomic instability.

The third part of my project is about the action of abemaciclib, a CDK4/6 inhibitor and its synergistic effects with chloroquine, a molecule regulating autophagy. The aim of this study is to achieve more effective cancer treatments using lower doses of drugs through a combination strategy. I demonstrated that the effects of abemaciclib are enforced when cells are co-treated with Chloroquine. This finding could provide a potential combination for the treatment of cancers.

RESULTS

I. A hypothesis driven approach identifies CDK4/6 inhibitors as candidate drugs for treatments of adrenocortical carcinomas

I.A Summary

This study consists of two parts, one of which is the in silico analysis of transcriptomic data from The Cancer Genome Atlas (TCGA) database. We focused on 136 genes involved in G1/S transition and DNA replication using RNAseq data from patients suffering from adrenocortical carcinomas (ACC). First, we found that hierarchical clustering based on mRNA levels determined 4 groups of genes. Most of the genes located in clusters 3 and 4 are correlated with the expression of MKI67, a classical marker of cell-proliferation rate. 9 genes in the cluster 1 were inversely correlated with this proliferation marker. Then, among the rest of the genes, which showed no significant correlation with the expression of MKI67, we identified CDK6 whose overexpression is highly associated with shorter times to relapse and death.

Based on these results, in the second part, we aimed to assess the effects of CDK4/6 inhibitors This work is published in the journal "Aging" (Hadjadj et al., 2017).

I.B Article

INTRODUCTION

Adrenocortical carcinomas (ACCs) are rare (annual incidence 0.5 to 2 patients per million individuals) but deadly cancers (the overall five-year survival of patients has been estimated below 35% in most studies) with limited opportunities of treatment [1,2]. In ACCs, indicators of high proliferation rate, such as an abnormal number of mitoses (>5 mitoses per 50 high power fields) and a high Ki-67 labeling index, consti-tute potent markers of poor prognosis [3][4][5][6]. This tendency has been confirmed by transcriptomic approaches that segregated ACCs into two groups. An overall overexpression of genes associated with cell proliferation has been observed in the group of most aggressive ACCs [7][8][9]. Abnormal expression of genes involved in DNA metabolism may also contribute to a higher mutation rate and thus to the acquisition of new cellular abilities, such as resistance to drugs, and the ability to relapse and to metastasize. In ACCs, mutation 
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density has recently been associated with clinicopathological parameters such as overall survival time and time to recurrence [10].

Considering the central role of DNA metabolism in the evolution of cancers, we have tested the association of clinical parameters with the expression levels of 136 genes involved in the G1/S phase transition, DNA replication and response to DNA damage. This study was performed on transcriptomic data of 79 ACC patients shared by The Cancer Genome Atlas (TCGA) consortium [10]. [11][12][13][14]. Ribociclib, in combination with letrozole, was recently approved by the Food and Drug Administration (FDA) as a frontline treatment for HR+ and human epidermal growth factor receptor 2 negative (HER2-)-advanced or metastatic breast cancers [15,16].

We thus characterized the impacts of these two FDAapproved CDK4/6 inhibitors on the cell cycle and survival of SW-13 and NCI-H295R cell lines as a first step to test their potential therapeutic properties against ACCs.

RESULTS

A hierarchical clustering of G1/S transition and DNA replication / repair genes identifies four transcriptional clusters

As a first step of our study on transcriptomic data related to the G1/S transition and DNA replication genes in ACCs, we established a list of 136 genes involved in these processes, based on ontology annotations in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [17] and bibliographic data (Supplementary Table 1). These genes could be classified into six groups based on their biological functions, namely G1/S transition, DNA polymerases, DNA replication, S phase checkpoint, stalled replication fork restart / double strand break repair, and dNTP synthesis. We added the expression levels of the Marker of Proliferation Ki-67 (MKI67) gene, as its expression is a keystone marker of proliferation widely used in adrenal cancer prognosis. For these 137 genes (including MKI67), RNAseq data of ACCs from 79 patients were then downloaded from the TCGA portal.

To identify clusters of co-expressed genes, we first estimated the Pearson correlation coefficient of these 137 genes with each other, based on mRNA levels (Supplementary Figure 1). We then performed a hierarchical clustering of genes, in which the dissimilarity between gene clusters was calculated with the Pearson correlation values. Genes clustered into one group tended to have correlated mRNA levels. Hierarchical clustering produced four clusters of genes. Clusters 3 and 4 contain 56 (including MKI67) and 33 genes, respectively. The Pearson correlation test showed that the expression levels of each of the 55 genes of cluster 3 and 28 genes of cluster 4 (out of 33) are significantly correlated with the expression of MKI67 and are associated with this classical marker of proliferation rate (Supplementary Figure 1 and Supplementary Table 1). These 83 genes are implicated in the six aforementioned functional processes. In particular, they include the genes encoding the replicative DNA polymerases α, δ and ε, with the exception of the POLD4 gene, which encodes the p12 accessory subunit of polymerase δ. Clusters 1 and 2 contain 23 and 25 genes, respectively. While the expression values in ACCs of 40 genes showed no significant correlation with MKI67, 9 genes in cluster 1 were inversely correlated with this proliferation marker. Among these is POLD4. The other inversely correlated genes include genes of negative cell cycle regulators (CDKN1C, CCND2 and RBL2) and DNA repair genes (ATM, RAD50, MCM9, RMI1 and TOP3A).

CDK6 expression shows significant prognostic value in ACCs

We then studied the association of the expression of the 137 genes with the overall survival (OS) and relapse free survival (RFS) of patients (Supplementary Table 1). Association was tested using the Log-rank test, which is routinely used to compare survival distributions of two groups of patients. Among the genes tested, the expression level of 114 genes was significantly correlated with OS, and that of 68 genes with RFS.

Since proliferation is widely used in medical oncology, we focused our attention on the 28 genes associated with OS and/or RFS, but unrelated to MKI67 (Table 1 1). We confirmed the association between the CDK6 transcription level and shorter time to relapse and death using the Log-rank test on previously published data from a French cohort [18]. In this sample, patients with levels higher than the cutoff values again showed shorter times to relapse (p value = 0.041, cutoff value > 5.067, n=38 out of 44 patients) and death (p value = 1.51 x 10 -6 , cutoff value > 6.027, n=19 out of 44 patients). RNAseq and clinical data of n=54 and n=79 ACC samples were downloaded from the TCGA website and used for the Log-rank correlation tests for RFS and OS, respectively. The Log-rank test was used to compare survival distribution of two groups of patients, considering that their gene expression values were higher or lower than a cutoff. For each gene, a succession of Log-rank tests was performed with all possible cutoff values, given gene expression levels in tumors. The cutoff value chosen to segregate the "high" and "low" expression groups of patients was the one that maximized the significance of Log-rank tests. The percentile is the proportion of individuals below the cutoff value. "Adj. P-val." are the p values of the Log-rank tests that have been adjusted following the Benjamini Hochberg method (in bold when significant). Coeff. correl. is the Pearson product-moment correlation coefficient estimated between the expression level of each gene with MKI67. The risk group is given when the association with RFS and/or OS was significant. High and Low risk groups indicate the group with the worst prognosis, based on their expression level, higher or lower than the cutoff, respectively.

AGING expression level of CDK6 is higher in cluster 2 than in cluster 1 or 3 (cluster 2 vs 1, p value = 1.75 x 10 -20 , cluster 2 vs 3, p value =4.08 x 10 -28 ) (Figure 2b). Cluster 2 tumors contain the majority of Cluster 1A (C1A) previously classified samples with a high production of steroids. A clinical feature significantly associated with the CDK6 mRNA level is the synthesis of hormones, that are known to be an indication of poor prognosis in ACC patients [19] (Table 2). Cluster 2 also includes the majority of mutations and copy number variations that activate the Wnt/β-catenin signaling pathway. The microRNA-based clustering recently published by TCGA has led to a new classification in six groups [10]. Since the data involved microRNA506 (MIR506) in the regulation of both CDK6 and CTNNB1 (encoding β-catenin), we analyzed its expression level in the 79 ACC samples. The expression of microRNA 506 was significantly lower in cluster 2 compared to clusters 1 and 3 (cluster 2 vs 1, p value = 6.55 x 10 -11 , cluster 2 vs 3, p value = 9.49 x 10 -18 ) (Figure 2b). Correlation analyses revealed an inversed ratio between the CDK6 and MIR506 expression levels (Figure 2c, test for correlation based on Pearson's product moment coefficient, coefficient = -0.442, p value = 4.50 x 10 -5 ).

The anti-correlation between MIR506 and CTNNB1 RNAs has been previously described by TCGA [10]. Thus, a low MIR506 expression level could contribute to higher levels of both CDK6 and CTNNB1 mRNAs in ACCs.

Palbociclib and ribociclib lower cell viability of the SW-13 and NCI-H295R cell lines

Palbociclib and ribociclib inhibit CDK4/6 and are used for the treatment of breast cancer [11,12,15,16]. We tested the effects on cell viability of CDK4/6 inhibitors either with or without mitotane, a well-known adrenolytic drug that is currently used to treat ACCs. Viability was measured using SW-13 and NCI-H295R cells.

Mitotane was first tested alone. It decreased SW-13 and NCI-H295R viability with an IC50 (concentration needed to reduce viability to 50%) of 68.38 μM and 33.16 μM, respectively (Figure 3a). As previously shown, SW-13 cells are less sensitive to mitotane than NCI-H295R cells [20]. We then combined increasing concentrations of mitotane with either 1 μM of palbociclib or 1 μM of ribociclib on SW-13 and 10 μM of palbociclib or ribociclib on NCI-H295R cells (concentration of ribociclib or palbociclib inducing a 20% reduction of viability when they are used alone). In SW-13 cells, both drugs showed an additive effect with mitotane, with a 50% combination index of 0.997 for mitotane with palbociclib and of 1.043 for mitotane with ribociclib (Figure 3a). However, in NCI-H295R cells, mitotane showed an additive effect only with palbociclib with a combination index of 1.021 (Figure 3a). Mitotane combined with ribociclib showed no difference on cell viability compared to the effect of mitotane alone (Figure 3a). Clinical and molecular features (with the exception of the CDK6 expression group) were previously described [9,11].

AGING

The effects of palbociclib and ribociclib alone on both the SW-13 and NCI-H295R cell lines were also tested. Both drugs decreased cell viability in the SW-13 cell line, with an IC50 = 15.50 μM for palbociclib and an IC50 = 19.08 μM for ribociclib (Figure 3b). In NCI-H295R cells only palbociclib had an effect on cell viability with an IC50 = 14.06 μM (Figure 3b). After treatment with 20 μM palbociclib cell viability was estimated to be close to 0%. Hence, palbociclib is the only drug active on both cancer cell lines and it strongly affects cell viability of NCI-H295R cells.

Palbociclib induces cell cycle arrest and senescence in SW-13 and NCI-H295R cell lines

To better characterize the effects of the two CDK4/6 inhibitors on the viability of the SW-13 and NCI-H295R cells, the cell cycle of both cell lines upon treatment with either palbociclib or ribociclib was investigated. In SW-13 cells, 1 and 5 μM of both inhibitors induced cell cycle arrest, with a smaller proportion of cells in the S phase and an increased proportion of cells in the G1 and G2 phases, when compared with The "High" and "Low" CDK6 expression groups are based on the results of the Log-rank test for relapse-free survival. Fisher's exact test was used to test the independence of discrete clinical features (gender, hormonal secretion, laterality and clinical stage) from expression level. Independence was rejected only for hormonal secretion, with an enrichment of hormone secretion among the "High" CDK6 expression group (true odds ratio = 3.5454, 95% confidence interval [0.981;16.385]). p values given for Recurrence and Death traits are those of the Log-rank test. Time to recurrence and death are the average values estimated from "High" CDK6 and "Low" CDK6 groups.

AGING mock-treated cells (Figure 4a and Supplementary Figure 2a). The cycle of NCI-H295R cells was also affected by drug treatments (Figure 4a and Supplementary Figure 2a). 10 μM Palbociclib increased the proportion of cells in G2 phase, whereas 10 μM ribociclib increased the proportion of cells in S phase.

We tested whether reduced cell viability was associated with senescence. In SW-13 cells treated with palbociclib or ribociclib, we observed a significant increase in the percentage of cells harboring β-galactosidase activity, an indicator of senescence (Figure 4b and Supplementary Figure 2b). Both treatments also induced higher cell granularity and increased cell size in flow cytometry analyses (Figures 4c andd).

Induction of vesicle formation and increased flatness were also observed with bright-field microscopy (Figure 4g). Reversibility of the cell cycle arrest was tested by clonogenic assay. Ribociclib (1 and 5 μM, p values = 0.001 and 0.011, respectively), and palbociclib (1 and 5 μM, p values = 0.022 and 0.6 x 10 -3 , respectively) significantly decreased the ability of SW-13 to form clones, with clonogenic ability close to 0 after treatment with 5 μM palbociclib (Figures 4e andf). Taken together, these observations indicate induction of senescence in SW-13 cells after treatment with either palbociclib or ribociclib. In NCI-H295R cells, only palbociclib induced a significant increase of β-galactosidase activity (Figure 4b) when compared to mocktreated cells. In contrast with our observations using 4d). Only a slight shift of cellular granularity was observed when NCI-H295R cells were treated with palbociclib, but not with ribociclib (Figure 4c). Finally, only 10 μM palbociclib induced a significant irreversibility of cell cycle arrest, as tested by clonogenic assay (p value = 0.013). Thus, NCI-H295R cells treated with palbociclib show some features of senescence, but less pronounced than SW-13 cells (Figure 4h).

Since ribociclib and palbociclib inhibit CDK4/6, they could impair the phosphorylation of the Retinoblastoma protein pRB, a crucial step in the G1/S transition. Consequently, we evaluated the levels of CDK4, CDK6, pRB and phosphorylated-pRb (Phospho-Rb) in such drug-treated cells (Figure 5a). In SW-13 cells, the amount of both CDK4 and CDK6 proteins increased after treatment with palbociclib or ribociclib. Such treatments also significantly lowered the amounts of both Phospho-Rb and pRB (Figures 5a andb). These experiments thus show that CDK4/6 inhibition following palbociclib or ribociclib treatment reduces the amount of Phospho-RB in SW-13 cells, and is associated with a senescence-like phenotype. pRB was not detected in NCI-H295R protein extracts (Figure 5a), which is consistent with the fact that this cell line carries a homozygous deletion of the RB transcriptional corepressor 1 (RB1) gene (COSMIC mutation ID: 19554, c.862_2787del1926) [21]. This deletion could possibly hamper the action of CDK4/6 inhibitors on this cell line, in which only a slight senescence-like phenotype was observed.

Palbociclib targets the Wnt/β-catenin pathway and induces apoptosis in NCI-H295R cells

Since palbociclib induced a significant decrease of viability of pRB negative NCI-H295R cells (Figure 3b), we evaluated its pro-apoptotic activity. SW-13 cells treated with either palbociclib or ribociclib showed no detectable apoptotic activity (Figure 6a). In NCI-H295R cells, an increase of apoptosis was detected after treat-with β-galactosidase activity after treatment with the vehicle only (DMSO or ethanol, respectively). Mean ratio and standard deviation were estimated from three independent experiments. (c) Flow cytometry analyses showing granularity of SW-13 and NCI-H295R cells treated with either palbociclib or ribociclib. Granularity is estimated by measuring the Side Scatter values (on the X-axis). (d) Flow cytometry analyses showing cell size of SW-13 and NCI-H295R treated with either palbociclib or ribociclib. Cell size is estimated by measuring the Side Scatter values (on the X-axis). (e) Colonies formed by SW-13 and NCI-H295R cells after coloring with crystal violet during the clonogenic assay. (f) The number of cell colonies formed after treatment with ribociclib or palbociclib was counted and related to the number of colonies formed after treatment with the vehicle only (DMSO or ethanol, respectively). The mean and standard deviation of percentage of colonies (compared to mock treatment) were estimated with three independent experiments. AGING ment with 20 μM palbociclib, but not with ribociclib (Figure 6a). This effect, specific of palbociclib, might be explained by the larger spectrum of kinases that it targets, compared with ribociclib. Additional palbociclib targets include GSK3β and its regulator AKT serine/threonine kinase [START_REF] Sumi | Chemoproteomics Reveals Novel Protein and Lipid Kinase Targets of Clinical CDK4/6 Inhibitors in Lung Cancer[END_REF]. Thus, the impact of palbociclib and ribociclib on the phosphorylation of GSK3β, in the SW-13 and NCI-H295R cell lines was also tested (Figures 6b andc). In SW-13 cells, only palbociclib reduced the ratio of Serine9-phosphorylat- AGING ed-GSK3β (inactive form) to total GSK3β (inactive pGSK3β / total pGSK3β) (Figures 6b andc). In NCI-H295R cells, 5 and 10 μM palbociclib significantly reduced the inactive pGSK3β / total pGSK3β ratio (Figures 6b andc). Ribociclib showed effects opposite to palbociclib, as it increased this ratio. GSK3β was previously shown to phosphorylate β-catenin and consecutively induce its degradation by proteasome. Since loss of β-catenin-dependent transcription was associated with apoptosis in NCI-H295R cells [START_REF] Leal | Inhibition of the Tcf/beta-catenin complex increases apoptosis and impairs adrenowww.aging-us.com 2713 AGING cortical tumor cell proliferation and adrenal steroidogenesis[END_REF], the effects of palbociclib and ribociclib on the amount of βcatenin and on the level of AXIN2 transcripts (a βcatenin-dependent transcription target) were examined (Figures 6b, 6d and6e). Ribociclib did not significantly modify the amount of β-catenin in SW-13 and NCI-H295R cells. Nevertheless, the expression of AXIN2 was significantly altered in both cell lines, through βcatenin-independent regulations. On the con-trary, palbociclib significantly lowered the amount of βcatenin in both cell lines. Palbociclib treatment also increased the level of AXIN2 transcripts, as expected after inhibition of β-catenin-dependent transcription [START_REF] Leal | Inhibition of the Tcf/beta-catenin complex increases apoptosis and impairs adrenowww.aging-us.com 2713 AGING cortical tumor cell proliferation and adrenal steroidogenesis[END_REF].

A previous analysis showed that apoptosis induced by PNU-74654 (an inhibitor of the T cell factor (Tcf)/βcatenin complex) was preceded by reduction of steroid secretion. We assayed cortisol concentration in the supernatant of NCI-H295R cells (Figure 6f) treated with either ribociclib (5 or 10 μM) or palbociclib (1, 5 or 10 μM). Assays were performed at the times of treatments that precede apoptosis (24 h and 48 h). PNU-74654 (100 μM) was used as a positive control, as this inhibi-tor of Tcf/β-catenin interaction effectively reduced secretion of cortisol and other steroids by NCI-H295R cells [START_REF] Leal | Inhibition of the Tcf/beta-catenin complex increases apoptosis and impairs adrenowww.aging-us.com 2713 AGING cortical tumor cell proliferation and adrenal steroidogenesis[END_REF]. Actually, neither ribociclib nor palbociclib decreased cortisol secretion at concentrations and time-points tested (Figure 6f). Yet, 100 μM PNU-74654 decreased cortisol production by 80% after 24 h treatment (p value = 0.14) and by 72% after 48 h treatment (p value = 6.7 x 10 -4 ). These effects of PNU-74654 (Figure 6f) are comparable to those previously observed [START_REF] Leal | Inhibition of the Tcf/beta-catenin complex increases apoptosis and impairs adrenowww.aging-us.com 2713 AGING cortical tumor cell proliferation and adrenal steroidogenesis[END_REF]. Thus, Palbociclibinduced apoptosis of NCI-H295R cells is not preceded by a reduction of cortisol secretion.

Together, these results show that palbociclib-induced apoptosis is associated with a remarkable reduction of the amount of β-catenin and alters β-catenin-dependent transcription. Treatment with palbociclib could have potential benefits for the treatment of ACCs with an activated Wnt/β-catenin pathway.

DISCUSSION

In this study we first classified 136 genes (Supplementary Table 1) involved in DNA replication/ repair into four groups, according to their mRNA levels. A set of 83 genes overlapping clusters 3 and 4 showed a significant correlation with MKI67, a marker commonly used for proliferation in histology-based diagnosis of ACCs. Cluster 3 also includes the POLQ gene, encoding the translesional DNA polymerase Polθ (involved in DNA repair and in DNA replication timing program) [START_REF] Fernandez-Vidal | A role for DNA polymerase θ in the timing of DNA replication[END_REF][START_REF] Baldacci | Impact of the DNA polymerase Theta on the DNA replication program[END_REF], together with homologous recombination repair (HR) genes (namely BRCA1, FANCD2, BLM and RAD51). Positive correlations between expression levels of POLQ and HR genes have recently been reported in lung, breast and colorectal cancers [START_REF] De Rugy | Excess Polθ functions in response to replicative stress in homologous recombination-proficient cancer cells[END_REF]. The authors suggested that an expression reprogramming involving these genes could prevent genetic instability in a cancer context. Indeed, we observed a similar correlation between POLQ and HR genes in ACCs. These genes are also associated with the MKI67 proliferation marker (Supplementary Figure 1). In ACCs, overexpression of POLQ and HR genes could contribute to genomic stability in highly proliferating tumors, possibly through DNA repair processes. mRNA levels of 28 genes in clusters 1 and 2 are associated with shorter time of relapse-free survival and overall survival, and are also independent of the cell proliferation marker MKI67 cell proliferation. Thus, they may provide additional information in the molecular characterization of ACCs (Table 1). A positive correlation with shorter time to relapse of high mRNA levels of POLB, POLL, REV1 and REV3L, and of low mRNA levels of POLK was noted. These genes encode translesion DNA polymerases, which can perform DNA synthesis despite the presence of DNA lesions. Altered gene expression and mutations affecting translesion polymerases have been observed in a variety of tumors and have been suggested to act as biomarkers in response to treatments [START_REF] Ceppi | Polymerase eta mRNA expression predicts survival of non-small cell lung cancer patients treated with platinum-based chemotherapy[END_REF][START_REF] Wang | Clonal evolution of glioblastoma under therapy[END_REF][START_REF] Zhou | Expression of DNA translesion synthesis polymerase η in head and neck squamous cell cancer predicts resistance to gemcitabine and cisplatinbased chemotherapy[END_REF][START_REF] Zhang | Association of polymorphisms in translesion synthesis genes with prognosis of advanced non-small-cell lung cancer patients treated with platinum-based chemotherapy[END_REF][START_REF] Peng | The error-prone DNA polymerase k promotes temozolomide resistance in glioblastoma through Rad17-dependent activation of ATR-Chk1 signaling[END_REF]. The ability of translesion polymerases to perform synthesis despite DNA lesions contributes to resistance to DNA damaging treatments, and previous analyses have shown that their inhibition sensitizes tumors to chemotherapeutic agents [START_REF] Peng | The error-prone DNA polymerase k promotes temozolomide resistance in glioblastoma through Rad17-dependent activation of ATR-Chk1 signaling[END_REF][START_REF] Dai | Co-inhibition of pol θ and HR genes efficiently synergize with cisplatin to suppress cisplatin-resistant lung cancer cells survival[END_REF][START_REF] Srivastava | Enhanced expression of DNA polymerase eta contributes to cisplatin resistance of ovarian cancer stem cells[END_REF][START_REF] Huang | Exome sequencing reveals recurrent REV3L mutations in cisplatinresistant squamous cell carcinoma of head and neck[END_REF][START_REF] Wang | REV3L modulates cisplatin sensitivity of nonsmall cell lung cancer H1299 cells[END_REF][START_REF] Yang | REV3L, a promising target in regulating the chemosensitivity of cervical cancer cells[END_REF]. Translesion polymerases are also error-prone, and thus can contribute to mutagenesis in tumors and progression of cancers [START_REF] Xie | Error-prone translesion synthesis mediates acquired chemoresistance[END_REF]. Our analyses show that abnormal gene expression of translesion DNA polymerases is indeed a marker of poor prognosis independent of proliferation in ACCs. The development of small molecules targeting translesion DNA synthesis could potentially be beneficial for ACC patients with tumors expressing high levels of mRNAs encoding POLβ, POLλ, REV1 and REV3L translesion DNA polymerases.

In the second part of this study, we focused our analyses on the CDK6 gene. CDK6 shares with CDK4 the ability to phosphorylate pRB and to induce the transition to Sphase of the cell cycle through the E2F-dependent AGING transcription program. These cell functions are shared by CDK4 and CDK6 but we observed no correlation between the mRNA levels encoding these two kinases. Indeed, a significant correlation with overall survival and time to relapse has only been observed for the CDK6 mRNA level (Table 1).

Since high expression levels of CDK6 are associated with poor prognosis in ACCs (Figures 1 and2), the impact of CDK6 inhibitors on the SW-13 and NCI-H295R cell lines was evaluated (Figure 3). While NCI-H295R cells are classically used as ex vivo models of adrenocortical carcinoma, the origin of SW-13 is contested. SW-13 cells were derived from a small cell carcinoma in the adrenal cortex [START_REF] Wang | Human adrenocortical carcinoma cell lines[END_REF]. However, these cells secrete no steroids and it is unclear whether they were derived from a primary tumor in the adrenal cortex or from a metastasis [START_REF] Leibovitz | New human cancer cell culture lines. I. SW-13, small-cell carcinoma of the adrenal cortex[END_REF]. Keeping in mind the discussions concerning the origin of SW-13 cells, we chose to study the mechanisms reducing cell viability in this cell line in parallel with the pRB negative-NCI-H295R cells. SW-13 cells are highly sensitive to both palbociclib and ribociclib (Figure 3). Both drugs reduced SW-13 cell viability through an irreversible cell cycle arrest with a reduced proportion of cells in Sphase (Figure 4a). We also observed senescence features similar to those previously described in SW-13 cells [START_REF] Shanahan | Cyclin E associates with BAF155 and BRG1, components of the mammalian SWI-SNF complex, and alters the ability of BRG1 to induce growth arrest[END_REF]: β-galactosidase activity, enlarged and flattened cells and high granularity (Figures 4b, 4c, 4d and4h). Ribociclib being a highly specific inhibitor of CDK4/6, the senescence phenotype is probably induced by deregulation of their effector proteins, such as pRB that plays a pivotal role, as it regulates both G1/S transition and induction of senescence. Such a hypothesis is consistent with the reduction of Phospho-Rb observed in treated cells (Figure 5). However, the senescence phenotype was more pronounced in palbociclib-treated cells and we could not exclude the involvement of other targets. In contrast with SW-13 cells, NCI-H295R cells showed resistance to ribociclib, and a higher IC50 value for palbociclib when compared to SW-13 cells (Figure 3b). A homozygous deletion in the RB1 gene was previously described [21], and we confirmed the absence of the pRB protein in NCI-H295R extracts (Figure 5). The absence of pRB is probably involved in the NCI-H295R resistance to ribociclib, and also the relative resistance to palbociclib, as was observed in different types of cancers [START_REF] Dean | Therapeutic CDK4/6 inhibition in breast cancer: key mechanisms of response and failure[END_REF][42][START_REF] Logan | PD-0332991, a potent and selective inhibitor of cyclin-dependent kinase 4/6, demonstrates inhibition of proliferation in renal cell carcinoma at nanomolar concentrations and molecular markers predict for sensitivity[END_REF][START_REF] Michaud | Pharmacologic inhibition of cyclin-dependent kinases 4 and 6 arrests the growth of glioblastoma multiforme intracranial xenografts[END_REF]. This resistance to CDK4/6 inhibitors caused by pRB loss of function would concern 6.8% and 7% of ACC patients, as estimated with the TCGA and the French cohorts of patients respectively [10,18]. Thus, a majority of ACC patients might benefit from CDK4/6 inhibitors.

While only a slight increase of senescence features was observed at low concentrations of palbociclib (Figure 4b), apoptosis explained the reduction in viability in NCI-H295R cell line detected at >10 μM (Figure 6a). In our effort to determine the cellular mechanism causing apoptosis in these pRB negative cells, we tested the impact of treatments on the activity of GSK3β. This kinase and its regulator AKT are targets of palbociclib and GSK3β phosphorylates β-catenin, leading to βcatenin degradation by the proteasome. Indeed, a higher ratio of active GSK3β and a reduction of the β-catenin active form were observed after treatment with palbociclib (Figures 6b, c andd). Furthermore, the transcriptional activity of β-catenin, was estimated with the level of AXIN2 mRNA. Actually, increased transcription activity was observed after treatment with palbociclib (Figure 6e). Our results are consistent with the higher AXIN2 mRNA level observed in NCI-H295R cells after treatment with PNU-74654, an inhibitor of Wnt/β-catenin signaling [START_REF] Leal | Inhibition of the Tcf/beta-catenin complex increases apoptosis and impairs adrenowww.aging-us.com 2713 AGING cortical tumor cell proliferation and adrenal steroidogenesis[END_REF]. Moreover, this Wnt/βcatenin signaling inhibitor increased apoptosis in NCI-H295R cell cultures. Taken together, our observations suggest that palbociclib induces a strong reduction of active β-catenin, leading to aberrant transcription of βcatenin targets and to apoptosis. Besides its impact on β-catenin-dependent transcription, PNU-74654 also decreased steroid hormone secretion by NCI-H295R cells, as early as after 24 h of treatment, at concentrations higher than 50 μM [START_REF] Leal | Inhibition of the Tcf/beta-catenin complex increases apoptosis and impairs adrenowww.aging-us.com 2713 AGING cortical tumor cell proliferation and adrenal steroidogenesis[END_REF]. This reduction preceded the decreased of viability (only after 72 h treatment with 50 μM PNU-74654) and was supposed to result partially from the reduction in gene expression of SF1 and CYP21A2 genes. While we confirmed that 100 μM PNU-74654 decreased cortisol secretion, we observed no effect of palbociclib and ribociclib on the concentration of cortisol in the medium, after 24 h and 48 h of treatments (Figure 6f). Actually, PNU-74654 results in direct inhibition of β-catenin-dependent transcription that might cause the reduction of cortisol secretion as soon as after 24 h [START_REF] Leal | Inhibition of the Tcf/beta-catenin complex increases apoptosis and impairs adrenowww.aging-us.com 2713 AGING cortical tumor cell proliferation and adrenal steroidogenesis[END_REF], comparatively to palbociclib that induces β-catenin degradation (Figures 6b and6d). Thus, the reduction in viability caused by palbociclib on NCI-H295R cells is not a consequence of a long steroid hormone deprivation but probably results from loss of β-catenin-dependent transcription, through pRB-independent processes. Palbociclib concentrations that induced a significant viability reduction of NCI-H295R cells do not fall within a clinically attainable range in the plasma [START_REF] Schwartz | Phase I study of PD 0332991, a cyclin-dependent kinase inhibitor, administered in 3-week cycles (Schedule 2/1)[END_REF]. However, previous assays performed on xenograft mouse tumor tissue showed that higher palbociclib levels could be locally achieved in tumor samples (6h post-dose at 100 mg/kg could be up to 25,163 ng/g), comparatively to plasma levels [46].

AGING

Possible models of palbociclib action on the two cell lines used here are shown in Figure 7. In both cases, palbociclib inhibits phosphorylation of Serine9-GSK3β, that in turn induces a decrease of β-catenin signaling and changes the transcription level of its targets. These results indicate that palbociclib and ribocilib constitute potential treatments for ACCs, prompting us to test the impact of combination therapy with mitotane, a drug currently used to treat ACCs. However, only additive effects were observed when tested on the SW-13 and NCI-H295R cell lines. Since SW-13 cells have a normal amount of pRB, palbociclib also directly inhibits pRB phosphorylation, resulting in E2F inactivation and in the consequent arrest of the G1/S transition.

In conclusion, we showed that patients with high CDK6 expression levels present a poor prognosis, and are found in a unique gene expression-based cluster. They share common clinical and molecular features, such as secretion of hormones and the tendency to accumulate mutations in the Wnt/β-catenin pathway. Through its common action on the CDK6 activity and Wnt/βcatenin dependent transcription, palbociclib might be a treatment of choice for patients showing these molecular features. However, clinical assays will be necessary to verify whether ACC patients benefit from this treatment.

MATERIALS AND METHODS

Transcriptome and miRNome of adrenocortical carcinomas

Gene expression and miRNA expression in 79 adenocortical carcinomas were initially measured experimentally with Illumina HiSeq 2000 instruments, and treated as previously described [10]. For the present study, TCGA level 3 interpreted gene expression and miRNA expression data were downloaded from the TCGA data portal ( url: https://tcga-data.nci.nih.gov/ AGING docs/publications/tcga/). Level 3 indicates that genelevel expression estimates are given as RSEM (RNA-Seq by Expectation Maximization) normalized counts. Level 3 miRNA expression-interpreted data are the miRNA transcription estimates in log2, as reads per million miRNAs mapped. Expression data from 44 adrenocortical carcinomas of French patients were downloaded from the Gene Expression Omnibus (GEO accession: GSE49278) Database. Gene expression levels were measured using the Affymetrix Human Gene 2.0 ST Array. The downloaded values of gene expression were estimated and normalized as previously described [18]. The 137 gene expression data were selected in transcriptome data files using gene symbols with Unix shell homemade scripts.

Statistical analyses

Statistical analyses and figures were obtained using the R 3.2.2 environment [START_REF] Team | A Language and Environment for Statistical Computing[END_REF]. Hierarchical clustering analyses and drawings of heatmaps were performed with homemade scripts using the gplots [START_REF] Warnes | gplots: Various R Programming Tools for Plotting Data[END_REF], vegan [START_REF] Oksanen | vegan: Community Ecology Package[END_REF], RColorBrewer and heatmap3 [START_REF] Shilin | heatmap3: An Improved Heatmap PackageNo Title[END_REF] packages, or the ggplot2 [START_REF] Wickham | ggplot2: Elegant Graphics for Data Analysis[END_REF] R package. Annotations of graphs were drawn using the pBrackets package. Survival analyses were performed with the stats, OIsurv and maxstat R packages. The cutoff value of expression that segregated the patients into two groups was the one that optimized the pValue of the Log-rank test. This optimization was performed using the maxstat R package.

Reagents

Palbociclib (PD-0332991, IBRANCE®), Ribociclib (LEE-011, Kiskali®), Mitotane and PNU-74654 were purchased from CliniSciences (A8316, A8641, sc-205754 and sc-258020, respectively). Palbociclib and Ribociclib 1mM stock solutions were prepared in 100% ethanol or DMSO respectively. PNU-74654 stock solution (31.2 mM) was prepared in DMSO. Anti-CDK6 (D4S8S), CDK4 (D9G3E), Phospho-Rb (9308), GSK3-β (D5C5Z), Phospho-GSK3-β (D85E12), nonphospho-β-Catenin (D13A1) were purchased from Cell Signaling Technology. The anti-β-Catenin (MA1-301) and GAPDH (GA1R) were purchased from Thermo Fischer Scientific. The anti-α-Tubulin (T9026) was purchased from Sigma.

Cell cultures

The SW-13 (ATCC ® CCL-105 TM ) and NCI-H295R (ATCC ® CRL-2128 (Corning,354350), 100 U/mL penicillin and 100 μg/mL streptomycin (Life Technologies, 15140122). The subculture of NCI-H295R was carried out every four days at a 1:4 ratio. SW-13 and NCI-H295R cells were cultured in a humidified incubator with 5% CO 2 . They were seeded at a density of 5500 cells/cm 2 and 50,000 cells/cm 2 respectively, in 6-well or 96-well plates (TPP) for viability assays, senescence assays and protein extractions, and Petri dishes before quantitative RT-PCR experiments. Twenty-four hours after plating, palbociclib, ribociclib, 100% ethanol or DMSO was added to the cell culture, and 96 h after the addition of palbociclib or ribociclib, senescence assays, protein extracts and quantitative RT-PCR were performed as described below.

Cellular proliferation assay

Cells were plated in 96-well plates (TPP), and incubated for 24 h, before treatment with palbociclib, ribociclib or the corresponding vehicle. After 96 h of treatment, viability was assayed using the CellTiter-Glo® Luminescent Cell Viability kit (Promega), following the manufacturer's instructions. Luminescence was measured with a SpectraMax i3 Multi-Mode Microplate Detection Platform (Molecular Devices, Sunnyvale, CA, USA). Assays were performed in duplicates, in three independent experiments.

Cell cycle analyses by flow cytometry

Cells were plated in 6-well plates (TPP), and incubated for 24 h, before treatment with palbociclib, ribociclib or the corresponding vehicle. After 94 h of treatment, 10 μM EdU was added to the cell culture media for 2 h. The cells were then collected and washed twice with PBS. Click-it reactions were performed using the Click-iT Plus EdU Alexa Fluor 647 Flow Cytometry Kit (ThermoFischer Scientific) according to the manufacturer's recommendations. The cells were then counterstained with propidium iodide for 30 min. The cell cycle profile was generated using a CyAn ADP 9C analyser (Beckman Coulter). The analysis was performed with the Flowjo software (LLC). Cell cycle was studied on technical duplicates, in three independent experiments.

AGING

Cortisol assay 200,000 NCI-H295R cells were plated in 24-well plates (TPP) in a volume of 500 μL of culture medium. After 24 hours, cells were treated with palbociclib, ribociclib, PNU-74654 or the corresponding vehicle. Drugs or vehicle were added in 500 μL of culture medium, to a total volume of 1 mL. After 48h of treatment, cortisol concentration was measured in the supernatant of NCI-H295R cells, using the Cortisol ELISA kit of Cayman chemical (ref: 500360), as described by the manufacturer. Before the assay, all the supernatants (except that with PNU-74654) were diluted 1:10 in fresh culture medium. Assays were performed in technical duplicates on cell media from three independent experiments.

Measurement of apoptosis

To measure apoptosis, the cells were seeded at the previously mentioned concentration used in 96-well plates. They were drugged 24 h later and images were obtained using the Essen IncuCyte® ZOOM Live-Cell Analysis system. For the apoptosis experiments, caspase and cytotoxicity reagents (Essen Bioscience, Ltd, Welwyn, Garden City, Hertfordshire, UK) were added to the medium, resulting in a 1:1000 dilution of each reagent. Cell apoptosis and cytotoxicity of the drug were monitored for 96 h after treatment with 4 acquisitions per well every hour. Each condition was performed in triplicate. Analysis was performed using the software for the IncuCyte® ZOOM Live-Cell Analysis system. Assays were performed in duplicates, in three independent experiments.

Senescence-associated β-galactosidase assay

After 96 h of cell treatment in 6-well plates (ATCC) with palbociclib, ribociclb or the vehicle, the senescence assay was performed using the Senescence β-Galactosidase Staining Kit (Cell Signaling, #9860), as described by the manufacturer. The cells were rinsed with Dulbecco's phosphate-Buffered Saline (Invitrogen), and fixed as described by the manufacturer. They were then incubated in 500 μL per well of X-Gal staining solution mix overnight at 37°C. Pictures of four fields (200X total magnification) of each well were taken with a Nikon Digital Sight DS-Fi1 mounted on a Nikon Eclipse TS100 microscope (Nikon France, Champigny-sur-Marne, France). Senescent cells were then counted using the ImageJ program. Assays were performed in experimental duplicates (2 wells), in three independent experiments.

Clonogenic assay

SW-13 (5,500 cells/cm 2 ) or 50,000 NCI-H295R cells/ cm 2 were plated in 6-well plates (TPP). Drugs were added to the cell-culture media 24 h later at appropriate concentrations. The cells were incubated with the drugs for 96 h, before new counting and plating at 400 cells/ cm 2 (SW-13 cells) or 5,000 cells/cm 2 (NCI-H295R) in 6-well plates. Seven days (SW-13 cells) or 10 days (NCI-H295R) later, the cells were fixed with 4% paraformaldehyde for 5 min at room temperature and colored with 0.05% crystal violet (Sigma, C3886) diluted in water for 30 min. The clones from three independent experiments were counted.

Western blot analysis

Cells were grown on 35 mm plates (ATCC) and protein extracted with lysis buffer containing 25 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% NP40 (#492016) (Merck Millipore), 1% Triton ™ X-100 (9002-93-1, Sigma Aldrich), cOmplete ™ EDTAfree Protease Inhibitor Cocktail (Sigma Aldrich), and Phosphatase Inhibitor Cocktail Set II (524625, Merck Millipore). Proteins were separated on NuPAGE tm 4-12% Bis-Tris gels (Thermo Fischer Scientific) and transferred onto nitrocellulose membranes (GE Healthcare). Primary antibodies were diluted at a final concentration of 1:1000 in Tris-buffered saline solution with 0.05% TWEEN ® 20. Secondary antibodies were used as recommended in the manufacturer's instructions. Relative quantifications were performed on three different western blot experiments.

Gene expression

RNAs were extracted with the Nucleospin ® RNA extraction kit (Macherey-Nagel), following the manufacturer's instructions. RNA extracts (2 μg) were treated with 0.1 U/μL of DNAse I (Thermo Fischer Scientific), in a total volume of 20 μL at 37°C for 30 min. DNase I was then inactivated by heating at 65°C for 10 min after addition of 2 μL of 50 mM EDTA (Thermo Fischer Scientific). Reverse transcription of 1 μg of DNase I-treated RNA was performed using 15 ng/μL random primers (Invitrogen), 1 U/μL Ribolock RNase inhibitor, 1 mM of each dNTP and 10 U/μL RevertAid reverse transcriptase (Thermo Fisher Scientific), in a final volume of 20 μL. The reaction was performed in an Eppendorf Mastercycler thermocycler machine (Eppendorf France, Montesson, France), for 5 min at 25°C and then 60 min at 42°C. Reaction was stopped by heating at 70°C for 5 min. Quantitative PCRs were performed with 1 μL of 1/5 diluted first strands of cDNA in a total volume of 15 μL of 1X ABsolute SYBR Capillary Mix (Thermo Fisher Scientific, AB-1285), with 73 nM of each PCR primer. Reactions were performed in 20 μL LightCycler capil-AGING laries (Roche). Primer sequences were as follows: AXIN2-F 5'-GCTGACGGATGATTCCATGT-3', AXIN2-R 5'-ACTGCCCACACGATAAGGAG-3' [START_REF] Okabe | Diverse basis of β-catenin activation in human hepatocellular carcinoma: implications in biology and prognosis[END_REF], ACTB-F 5'-GAGCTACGAGCTGCCTGAC-3' and ACTB-R 5'-GCACTGTGTTGGCGTACAG-3'. PCR amplification was performed with a LightCycler 1.5 thermocycler and analyzed with LightCycler Software 3.5 (Roche, Boulogne-Billancourt, France). Cycling conditions were as follows: initial denaturation of enzyme 95°C for 15 minutes, and 50 amplification cycles (95°C for 15 sec, 60°C for 30 sec and 72°C for 20 sec) before annealing of all samples and gradual temperature increase to 95°C to trace the melting curve. Assays were performed in technical triplicates on RNAs extracted from three independent experiments.

II. Palbociclib and DNA replication II.A Palbociclib interferes with origin firing in a pRb independent manner

II.A.1 Summary

During my thesis, I was interested in the molecular mechanisms of the CDK4/6 inhibitor named palbociclib in the dynamics of DNA replication. The originality of this study is that we studied palbociclib in a pRb negative context. As pRb is a major substrate for CDK4/6 in the G1/S transition of the cell cycle, its absence is widely considered as a marker of resistance. However, we surprisingly observed an aberrant progression of the cell cycle accompanied with less DNA synthesis in pRb-deficient cell lines (MDA-MB-468 and NCI-H295R) without any cell cycle arrest when cells are treated with palbociclib. This finding indicates that palbociclib may have impacts on DNA replication even in the absence of pRb.

To decipher the palbociclib mechanisms of action, I performed two powerful methods dedicated to the analysis of the DNA replication process namely the analysis of the replication timing (See chapter Result II.B) and the DNA fiber. The DNA fiber assay provides a genome wide vision of the dynamics of DNA replication at a single molecule scale. This technique relies on the ability of cells to incorporate thymidine during replication. Using thymidine analogs (IdU followed by CldU) that will be detected by specific antibodies, we can visualize tracks of neosynthesized DNA in each pulse. First, the speed of replicative forks can be measured with the length of the track divided by the pulse time. This measurement allows us to understand how the replication forks move and whether replication forks slowdown under a given condition inducing replicative stress. Second, successive pulse-labeling of cells with two analogs can reveal the direction of the progressing forks that provides more information about initiation or termination events. Indeed, initiation events are characterized by specific patterns. For instance, a single CldU track represents an initiation event that occurred during the second pulse (Figure 18.a and b). Inter origin distance (IOD) depicts the distance between two origins, indicating the efficiency of origin activation. In order to precisely estimate the IOD, single stranded DNA should be labeled to ensure that two origins are on the same DNA fiber (Figure 18.c). Thus, the length of the fibers is a critical factor that might bias IOD measurement. An alternative descriptive statistic for the DNA replication process is the forks density that indirectly indicates the efficiency of origin activation. This value is calculated as an average of the number of forks present per kilobase. Finally, the asymmetry of the two pulses can be measured by calculating the ratio between the length of the two pulses. This represents a perturbation of ongoing forks due to stalling or collapse. Through these measurements, the DNA fiber assay allows to assess the impacts of a given source of replicative stress on replication dynamics. Using the aforementioned two methods, we demonstrated how palbociclib disrupts DNA replication and particularly impairs the initiation step in two pRb-deficient cell lines. In addition, by analyzing proteins bound onto chromatin we showed that palbociclib decreases the amount of Dbf4 dependent kinase (DDK), inducing defects in the activation of origins. These effects must have been ignored in pRb-proficient cells because they are masked by cell cycle arrests at the G1/S transition.

In conclusion, this paper shows novel mechanisms of action of the palbociclib in DNA replication in a pRb independent manner. These findings could provide new possibilities for using palbociclib as a cancer treatment to target Rb loss cancers characterized by their genome instability. The palbociclib could exacerbate this instability by rendering the cells more vulnerable to replicative stress. In this context, palbociclib has the potential to be combined with other therapeutic molecules that target DNA replication.

II.A.2 Article (In preparation)

Introduction

Palbociclib is a small molecule inhibitor of cyclin-dependent kinase (CDK) 4 and 6, part of the third generation of CDK inhibitors along with ribociclib and abemaciclib. They are highly selective and specific CDK4/6 inhibitors showing IC50 values in the nanomolar range in vitro (Ping Chen et al., 2016). These inhibitors showed their efficacy and safety in many clinical trials (Spring et al., 2019). Based on successful outcome, the United States Food and Drug Administration (FDA) approved palbociclib as a treatment for advanced breast cancer in 2015 (https://www.fda.gov/drugs/resources-information-approved-drugs/palbociclib-ibrance) [START_REF] Loibl | Palbociclib Combined with Fulvestrant in Premenopausal Women with Advanced Breast Cancer and Prior Progression on Endocrine Therapy: PALOMA-3 Results[END_REF]. Today, more than 200 clinical trials are ongoing for different types of cancer, reflecting palbociclib as a promising cancer treatment (Chen et al., 2019).

In an attempt to understand the antiproliferative molecular mechanism of palbociclib, numerous preclinical studies have investigated how palbociclib impacts downstream pathways of CDK4/6 in various cancer cell lines (Bollard et al., 2016) (Hadjadj et al., 2017). The most studied pathway is mediated by the pRb (retinoblastoma protein) that is the major substrate of CDK4/6. Indeed, pRb plays pivotal roles in the G1/S transition of the cell cycle releasing E2F family of transcription factors which in turn regulate the expression of genes involved in the progression of the cell cycle and in DNA replication (Dyson, 1998) (Jingwen, Yaochen and Guojun, 2017). CDK4/6 participate in this cascade as kinases phosphorylating the serine 780/795 and Serine 807/811 of pRb. Upon the treatment with palbociclib in clinical doses (around 1μM), pRb remains underphosphorylated and sequesters E2F factors, which finally induces efficient cell cycle arrest in G1 [START_REF] Marzec | Mantle cell lymphoma cells express predominantly cyclin D1a isoform and are highly sensitive to selective inhibition of CDK4 kinase activity[END_REF]. However, emerging evidence have shown that palbociclib has additional effects at high concentrations in a CDK4/6 or pRb independent manner [START_REF] Miettinen | Thermal proteome profiling of breast cancer cells reveals proteasomal activation by CDK 4/6 inhibitor palbociclib[END_REF] (Wells et al., 2020) (Hafner et al., 2019) [START_REF] Hsieh | Palbociclib induces activation of AMPK and inhibits hepatocellular carcinoma in a CDK4/6-independent manner[END_REF]. To emphasize these findings, we reveal here the pRb independent actions of palbociclib on the dynamics of DNA replication at high dose.

DNA replication is a highly regulated process that ensures the duplication of genetic materials to transmit the entire genome to daughter cells. In human cells, thousands of origins are licensed through late M and early G1 phase, requiring the loading of the pre-replication complex (pre-RC) onto chromatin. Then, only a subset of licensed origins fires during S phase [START_REF] Leonard | cshperspect-REP-a010116[END_REF] [START_REF] Limas | Preparation for DNA replication: the key to a successful S phase[END_REF]. Increasing activity of S-phase related CDKs and DDK (Dbf4 dependent kinase) ensures the activation of origins by the transition from the pre-RC to the pre-initiation complex (pre-IC). Indeed, DDK, a complex of Cdc7 with Dbf4 catalytic subunit, is essential for the initiation of DNA replication (Jiang et al., 1999) (Im et al., 2009).

In collaboration with S-phase CDK, DDK recruit helicase activators Cdc45 (Cell division cycle 45) and GINS (Go-Ichi-Ni-San) on chromatin leading to the formation of the active replicative helicase CMG (Cdc45-Mcm-GINS) complex (Tanaka and Araki, 2013). Defects in origins efficiency could induce replicative stress and DNA damage and threaten the accuracy and the completion of DNA replication, which may lead to genomic instability [START_REF] Ozeri-Galai | Failure of Origin Activation in Response to Fork Stalling Leads to Chromosomal Instability at Fragile Sites[END_REF] [START_REF] Bonte | Cdc7-Dbf4 kinase overexpression in multiple cancers and tumor cell lines is correlated with p53 inactivation[END_REF].

In this study, we focused on two pRb deficient cancer cell lines MDA-MB-468 and NCI-H295R which are derived from either breast cancer or adrenocortical carcinoma, respectively. We demonstrate novel actions of palbociclib impairing the initiation of DNA replication. Surprisingly, we show that a high dose of palbociclib induces apoptosis in the pRb deficient cell lines associated with the impairment of DNA synthesis during the S-phase of the cell cycle.

By using different molecular approaches, we precisely decipher how and at which level palbociclib perturbs DNA replication and the stability of the genome in a pRb negative context.

Thus, this study brings palbociclib into focus as a potential treatment targeting replicative stress for patients suffering from pRb deficient cancers. 

Materials and methods

Cell cultures

Analysis of cellular viability

After treatment, viability was measured using the CellTiter-Glo® Luminescent Cell Viability kit (Promega), following the manufacturer's instructions. Luminescence was measured with a SpectraMax i3 Multi-Mode Microplate Detection Platform (Molecular Devices, Sunnyvale, CA, USA). Assays were performed in duplicates, in three independent experiments.

Apoptosis analysis

Apoptosis was measured using the Caspase-Glo 3/7 Assay system (#G8090, Promega) as recommended by the manufacturer. Luminescence was measured with a SpectraMax i3 Multi-Mode Microplate Detection Platform (Molecular Devices, Sunnyvale, CA, USA). Assays were performed in duplicates, in two independent experiments.

Cell cycle analyses by flow cytometry

Cells were incubated with 10μM EdU (5-ethynyl-2'-deoxyuridine) in culture media for 90 minutes before the end of the drug treatment. Click-it reactions were performed using the Click-iT Plus EdU Alexa Fluor 647 Flow CytometryKit (Invitrogen, C10419) according to the manufacturer's recommendations. The cells were then counterstained with propidium iodide (Invitrogen, P3566) and treated with RNase A (Roche #10109169001) for 30 min. The cell cycle profile was generated using a CyAn ADP 9C analyser (Beckman-Coulter). The analysis was performed with the Kaluza software. Cell cycle was studied on technical duplicates, in more than three independent experiments.

Total protein extraction

Total protein extraction was performed with the same number of cells for each condition. The pellets were incubated in Blue Loading Buffer (NEB, B7703S) with 0.1 unit/mL Benzonase (Merck, 70664-3) for 1hour at room temperature. The extracted proteins are denatured at 95°C during 5 minutes.

Western blot

Proteins were separated on NuPAGE 4-12% Bis-Tris gels (Invitrogen, NP0341BOX) and transferred onto nitrocellulose membranes (Invitrogen, IB301031). Primary antibodies were diluted at an adequate concentration in Tris-buffered saline solution with 0.05% TWEEN® 20.

Secondary antibodies were used as recommended in the manufacturer's instructions. Relative quantifications were performed on three different western blot experiments.

Table1. Primary antibodies used in this study.

Primary Antibody Concentration Reference Manufacturer

Mouse-anti-Chk1 

Analysis of the replication timing program

Cells were incubated with 50μM BrdU during 2 hours before the ending point of treatments, harvested and fixed with cold 70% ethanol. Fixed cells were treated with RNaseA (0,5mg/ml) and propidium iodide (50μg/ml) during 30 minutes at room temperature before cell sorting.

100,000 cells were sorted in two fractions using INFLUX 500 (Cytopeia by BD Bioscience).

Cells were incubated in lysis buffer (50mM Tris pH=8; 10mM EDTA, 300mM NaCl) and proteinase K (Thermo-Scientific #EO-0491) (0,2 mg/ml) during 2 hours at 65°C. DNA is extracted using phenol-chloroform and precipitated with ethanol and sodium acetate (3M, pH=5.5; Invitrogen #AM9740). After sonication, DNA is denatured at 95°C during 5 minutes and kept on ice for 10 minutes. Immunoprecipitation of nascent DNA was performed as described in our previous study (Hadjadj et al., 2020). Briefly, nascent DNA was immunoprecipitated using the IP-STAR apparatus (Diagenode) with BrdU antibody (10μg, Anti-BrdU Pure, BD Bioscience, #347580). Immunoprecipitated nascent DNA was purified and precipitated as mentioned above.

DNA is amplified using Seq-plex as mentioned by the manufacturer (Sigma, #SEQXE). Each fraction of sorted cells is labeled either Cy3 or Cy5 ULS molecules, respectively (KREATECH #EA-005) and as recommended by the manufacturer. The hybridization was performed according to the manufacturer instructions on 4× 180K human microarrays (SurePrint G3

Human CGH Microarray Kit, 4x180K, AGILENT Technologies, genome reference Hg18, G4449A) that cover the whole genome with one probe every 13 kb. Microarrays were scanned with an Agilent's High-resolution C scanner using a resolution of 3μm and the autofocus option.

Software "START-R" was used for analysis of replication timing (Hadjadj et al., 2020). Two independent experiments are performed for each condition.

Molecular combing and immunodetection

Cells were pulse-labeled with 50μM IdU and 50μM CldU during 30min consecutively. Then, cells were embedded in agarose plugs (1% low melting agarose, 2-Hydroxyethylagarose, A4018-Sigma) and treated with Proteinase K (1mg/mL, ROCHE, 3115879001) for 48 hours.

After melting and digestion with β-Agarase (6.25 units/mL, New England Biolabs, M0392L), DNA fibers were stretched at a rate of 300μm/s on silanized coverslips. DNA was denatured with 1N NaOH solution and immunodetections were performed with the following antibodies:

(1) mouse anti-bromodeoxyuridine (BrdU) (BD Biosciences, #347583) and rat anti-BrdU (Abcam, ab6326), (2) A488-conjugated goat anti-mouse (Invitrogen, A11029) and A555conjugated goat anti-rat (Abcam, A21434), ( 3) mouse anti-single-stranded DNA (Millipore, MAB 3034), (4) cy5.5-conjugated goat anti-mouse (Abcam, ab6947) and ( 5 allowed image acquisition and the study of replication dynamics. Statistical analysis was performed as described in the article [START_REF] Técher | The impact of replication stress on replication dynamics and DNA damage in vertebrate cells[END_REF].

Fractionation of Chromatin-bound proteins

The same number of cells was used for each condition to extract chromatin bound proteins. The extraction was performed by following steps. Harvested cells were lysed in Buffer A (10mM Hepes pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT, 10 mM NaF, 1X complete EDTA-free Protease Inhibitor Cocktail (Sigma Aldrich) and 0,1% Triton X-100) during 5 minutes on ice and centrifuged at 1300g for 4 minutes. The pellet was washed in buffer B (3 mM EDTA, 0.2 mM EGTA, 1mM DTT, 10 mM NaF, 1X Protease inhibitors) for 10 minutes on ice and centrifuged at 1700g for 4 minutes. The pellet was resuspended in buffer C (3mM EDTA, 0,2 mM EGTA) and centrifuged at 10000g for 1 minute.

The pellet, corresponding to the chromatin fraction, was incubated in 1X Blue Loading Buffer (NEB, B7703S), 5 mM MgCl2 and 0.1 unit/mL Benzonase (Merck, 70664-3) for 30 minutes at room temperature. The extracted proteins are then denatured at 95°C during 5 minutes.

RT-qPCR

RNAs were extracted with the Nucleospin® RNA extraction kit (Macherey-Nagel), following the manufacturer's instructions. Reverse transcription of RNA was performed with the 

Results

Cell viability, apoptosis and cell cycle analysis of pRb deficient cell lines.

To study the effect of CDK4/6 inhibitors on cellular viability, two pRb deficient cell lines, andB). These findings suggest that there may be an extension of the G2 with no cell cycle arrest in both cell lines.

Palbociclib treatment impairs DNA synthesis during the S-phase of pRb deficient cells

We further analyzed more precisely the cell cycle through the assay of EdU incorporation to characterize how cells behave during the S phase of the cell cycle. This analysis allowed us to visualize the amount of newly synthesized DNA for every single cell (Fig2.A and B).

Comparing medians of EdU incorporation in both cell lines, we noticed that MDA-MB-468 cells incorporate more EdU than NCI-H295R cells consistently with the length of their respective doubling time (Supplementary Figure 1.C). Strikingly, cells treated with palbociclib showed a lower intensity of EdU compared to mock treatment whereas ribociclib had minor effect on EdU incorporation (Fig2.C). Palbociclib significantly reduced by 40% or 50% the level of EdU incorporation in MDA-MB-468 cells and NCI-H295R cells, respectively.

Furthermore, the decrease of EdU incorporation in NCI-H295R cells treated with palbociclib was similar to the level in cells treated with 50μM or 100μM of hydroxyurea (HU) which is considered as a mild replicative stress (Supplementary Figure 2.A and B). These results

suggest that palbociclib efficiently impairs the capacity of cells to synthesize DNA during S phase, thus implying that palbociclib may interfere with DNA replication.

Since we observed that palbociclib affects DNA synthesis, we investigated the presence of replicative stress and DNA damage in these cells. The activation of S-phase checkpoint was measured by the status of checkpoint Serine/threonine kinase 1 (Chk1) phosphorylation on Serine 345. We observed with the palbociclib treatment a two-fold increase in the level of phosphorylated Chk1 protein (2.41-fold in MDA-MB-468 and by 2.13-fold in NCI-H295R cells) while the total amount of Chk1 remained constant in both cell lines (Fig 2 .D andE).

However, ribociclib showed moderate effects on the phosphorylation status of Chk1 in MDA-MB-468 cells and no effects in NCI-H295R cells. The phosphorylation level of Chk1 was similar to mild-replicative stress, according to the treatment with 50μM HU.

Then, we checked the induction level of DNA damage measured by γH2AX levels. We demonstrated that palbociclib triggered the accumulation of γH2AX protein whereas ribociclib had minimal effect in both cell lines. Massive DNA damages were observed in cells treated with 1mM of HU in NCI-H295R cell line. We concluded that the treatment with palbociclib drove cells to accumulate more double strand breaks in DNA. This could partially explain the modest increase of the number of cells in G2-phase that was previously observed (Figure supplementary 1.A and B). Cells may require a longer duration of the G2-phase to manage a complete DNA repair. Hence, cells treated with palbociclib exhibit the activation of the S-phase checkpoint and a sign of genomic instability along with interferences in DNA synthesis.

Analysis of the temporal program of DNA replication of pRb deficient cells.

In order to determine how palbociclib affects the DNA replication process at a genome wide scale, we performed the analysis of the temporal program of DNA replication as previously described (Hadjadj et al., 2020). Cells organize DNA replication in space and time through the S-phase. This spatial and temporal program of replication orchestrates faithful duplication of the genetic materials during the S-phase of cell cycle. Analysis of the temporal program allows to characterize the effects of replicative stress and to visualize regions of the genome that are altered in terms of replication timing. To perform this technique, cells are labeled with a short pulse of BrdU and separated into two fractions corresponding to early and late S-phase. The ratio between these two fractions is calculated and visualized for the entire genome. Comparing the profile of control cells and cells treated with palbociclib allowed us to observe that palbociclib induced perturbations of the replication timing in several part of the genome (Fig3.A and C), while the ribociclib treatment induced minimal effect (Fig3.B and D).

(Supplementary Figure 3).

In the MDA-MB-468 cell line, 16.82% of the genome showed an altered replication timing program after the palbociclib treatment when compared to the mock-treated control cells (Fig3.E). Among the regions harboring an altered replication timing, 71.3 % displayed a delayed replication timing whereas 28.7% showed an advanced one (Fig3.F). In the NCI-H295R cell line, only 4.12% of the replication timing program is altered after the same treatment with 77.1% and 22.9% of delayed and advanced replicating regions, respectively.

These results strengthen that palbociclib perturbs the timing of DNA replication at the genome scale. Three hypotheses could explain these results: i) a slowdown of the replication fork rate,

ii) an increased presence of obstacles on the genome that prevent the progression of the replicating forks; iii) an impediment in the firing of some replication origins.

Palbociclib reduces the number of active origins without altering replication fork progression

To decipher how palbociclib impacts on DNA replication dynamics, we performed DNA fiber analysis to measure the speed of replication forks and the activation of replication origins (Técher et al., 2013). We first examined the fork speed after a treatment with palbociclib in MDA-MB-468 cells. In control cells, the median fork speed was 2.01 kb/min (Fig4.A and B)

and showed a slight increase (2.16kb/min), after the palbociclib treatment (although not significant, p-value=0.068). NCI-H295R cells presented a relatively low fork speed (1.18kb/min) in control conditions but a statistically significant increase to 1.47kb/min after the treatment (p-value=0.028). Besides, we did not observe any difference in the replication fork asymmetry, indicating that the elongation step is not disrupted in both cell lines (Supplementary Figure 4). Next, we investigated if palbociclib could impair the activation of replication origins by measuring the density of forks. After the treatment with palbociclib, the density of forks was reduced by 35% and 40% in MDA-MB-468 and NCI-H295R cells, respectively (Fig4.C). It has been observed that replicative stress can induce concomitant effects on origin activation and fork speed which both influence each other (Rodriguez-Acebes, Mourón and Méndez, 2018). With regard to our data, reduced origin firing could trigger a slight acceleration of fork speed that compensate this lack of origins. Our results finally showed that palbociclib reduces the number of active origins but does not interfere with replication fork progression, which provides a mechanistic basis for the reduced EdU incorporation observed in S-phase cells by flow cytometry (Fig. 2A and2B).

Palbociclib acts on the pre-initiation complex loading onto chromatin.

In order to better understand the molecular process, we investigated which step of the initiation of DNA replication is affected by the palbociclib treatment. We first looked at the chromatin loading of proteins constituting the Pre-Replication Complex (PreRC) such as Orc1, Cdt1 and These results indicate that palbociclib does not interfere with the Pre-RC loading but impairs the assembly of the pre-IC onto chromatin, resulting in reduced origins firing.

We further studied whether the decrease of chromatin bound proteins was due to a variation of the total quantity of proteins or to a defect in the pre-IC loading process. We observed that the 

Discussion

Our findings highlight the hidden effects of palbociclib using two pRb deficient cancer cell lines. Since pRb is the major phosphorylation substrate of CDK4/6, pRb loss is largely considered as a biomarker for the resistance to CDK4/6 inhibitors (Chen et al., 2019) (Spring et al., 2019). In agreement with other studies, we did not detect any significant impacts of palbociclib or ribociclib around 1 µM that is considered as specific inhibitory doses (Fig1) (Bollard et al., 2016) [START_REF] Dean | Therapeutic CDK4/6 inhibition in breast cancer: key mechanisms of response and failure[END_REF]. Nonetheless, palbociclib significantly reduced the cell viability at 10µM, indicating that this drug has cytotoxic effects in a pRb negative context. In this study, palbociclib is used at a relatively high concentration of 10 µM. Since the effects on cellular viability are barely observed with this same concentration of ribociclib (Fig1), we then suppose the actions of palbociclib are mediated by their off-targets. Recent multi-omic studies have demonstrated the different specificity of three inhibitors (ribociclib, palbociclib and abemaciclib) focusing on a large spectrum of targets for abemaciclib and also revealed that palbociclib targets other kinases than CDK4 and CDK6 at high doses (P. Chen et al., 2016) [START_REF] Hsieh | Palbociclib induces activation of AMPK and inhibits hepatocellular carcinoma in a CDK4/6-independent manner[END_REF]. Indeed, a group demonstrated that in live cells palbociclib shows more than 60% of occupancy to CDK2, a pivotal kinase involved in the progression of S-phase (Wells et al., 2020). Another work demonstrated that in vitro palbociclib also inhibits CDK2/CyclinE complex with an IC50 about 10µM (Hafner et al., 2019).

In this study, we concentrated on elucidating how palbociclib impairs DNA replication, a main process in the S-phase of the cell cycle. To our knowledge, those effects in S-phase have not been described yet in pRb proficient cells. As CDK4/6 inhibitors efficiently induce cell cycle arrest in the G1-phase in pRb proficient cells, it simply could not be observed how cells behave in S-phase. Thus, deficiency of pRb is associated with common features that are absent in pRb proficient cells. Indeed, pRb acts not exclusively in the E2F pathway but also in chromatin remodeling by interacting with histone deacetylases (HDACs) and the ATP-dependent SWI/SNF complex [START_REF] Dick | Molecular mechanisms underlying RB protein function[END_REF]) [START_REF] Harbour | Chromatin remodeling and Rb activity[END_REF], implying that pRb deficient cells exhibit a higher intrinsic instability of the genome (van Deursen, 2007) [START_REF] Van Harn | Loss of Rb proteins causes genomic instability in the absence of mitogenic signaling[END_REF]. Furthermore, mutations in TP53 are often coupled with pRb losses [START_REF] Xing | Loss of heterozygosity of the Rb gene correlates with pRb protein expression and associates with p53 alteration in human esophageal cancer[END_REF]. Two cell lines that we have studied here harbor mutation in the Tp53 gene. On one hand, MDA-MB-468 cells possess only one copy of the TP53 gene with a missense mutation (R273C) (Rasti and Azimi, 2015). This mutated TP53 is not able to bind to RAD51 and contributes to a genomic instability of these cells. On the other hand, NCI-H295R cells have homozygous deletion in exons 8 and 9 in the Tp53 gene, inducing a nonfunctional form of this protein (Sampaoli et al., 2012). Mutations in TP53 induce defects in the DNA repair response, which contributes to cancer cell survival despite the intrinsic instability of the genome [START_REF] Mantovani | Mutant p53 as a guardian of the cancer cell[END_REF].

Our Secondly, palbociclib may impair the initiation of replication, leading mostly to delayed replicating regions (Fig3). Third, palbociclib may also impact in both initiation and elongation steps. In order to respond to these questions, we performed replication dynamic studies by the DNA fiber assay (Fig4). Our findings allowed us to eliminate the first and third hypothesis that palbociclib affects the elongation of replication since no evidence has been found for fork slowing or neither fork collapse. However, palbociclib reduced the density of replicative forks by 35-40%, implying a defect in the initiation of origins (Fig4).

Finally, to decipher the molecular mechanism of palbociclib in DNA replication, we studied pre-RC and pre-IC in cells treated with palbociclib. We detected that both total amounts of proteins constituting pre-IC, such as Cdc7, Dbf4 and Cdc45 and their loading level on chromatin are reduced after treatment with palbociclib (Figs5 and 6). We also evidenced by quantitative PCR that palbociclib down regulates the expression of genes being part of the pre-IC such as Cdc7, Dbf4 and Cdc45, resulting in less amount of proteins loaded on chromatin.

This result shows how palbociclib impacts on origin firing by inducing defects in the pre-IC (Fig5 and 6). It is well studied that a defect of origin firing could provoke an incomplete replication of the genome referred to as under replication and generate genomic instability [START_REF] Ozeri-Galai | Failure of Origin Activation in Response to Fork Stalling Leads to Chromosomal Instability at Fragile Sites[END_REF] (Petropoulos et al., 2019). Indeed, the proteins in pre-ICs are limiting factors involved in the initiation of replication and their deregulation is tightly linked to the instability of the genome and cancer development. For instance, deregulation of Cdc7 and Dbf4 has been observed in several cancers. The depletion of Cdc7 with RNAi reduced the activation of origins in the initiation step, inducing replicative stress in the cells (Rodriguez-Acebes et al., 2010) (Montagnoli et al., 2004). Based on these strong evidences, Cdc7 inhibitors have been proposed as a cancer treatment (Montagnoli et al., 2008) [START_REF] Rainey | DNA Replication Dynamics and Cellular Responses to ATP Competitive CDC7 Kinase Inhibitors[END_REF].

Thus, we propose a model for the actions of palbociclib in inducing replication stress and DNA damages in a pRb negative context (Fig7). Since the loss of pRb is associated with a higher vulnerability to replicative stress, palbociclib may potentially be used in cancer treatment with the aim of exacerbating the instability of the genome and of cancer cells becoming more vulnerable to replicative stress. From this point of view, we can consider that palbociclib may be used for pRb deficient patients combined with other therapeutic molecules that will target the replicative response pathway. compared if these commonly altered regions position in the same fraction of the genome. The advanced regions are distributed in late and TTR regions (Table 5). Among the 10 common delayed regions, 7 regions are found in common late replicated regions with high values of coverage (Table 6). It could be interesting now to investigate if these regions are positioned near common fragile sites to study the effects of palbociclib on the induction of chromosomal instability. Table 4. List of regions commonly advanced or delayed after treatment with palbociclib in both cell lines.

Table 5. List of regions commonly advanced after treatment with palbociclib in both cell lines and their coverage for each fraction of the genome. The coverage value is written in red except 0.

Table 6. List of regions commonly delayed after treatment with palbociclib in both cell lines and their coverage for each fraction of the genome. The coverage value is written in red except 0. In this paper, we show quick and easy-to-use methods for analyzing the replication timing (Figure 21). First, the immunoprecipitation step was automated using the IP-Star® robot making experimental steps more rapid and precise. By enlarging the windows to sort cells, we found that the replication timing profiles from Repli-Chip are similar to those from Repli-Seq data. Second, we developed the START-R suite, which is dedicated to the analysis of DNA replication timing results. This software provides robust tools that any biologist can use.

START-R analyzer proposes different parameters and statistical tools easy to use. START-R viewer allows the visualization of replication timing profiles at the whole genome scale and distinguishes regions that are altered in terms of replication timing by comparing two different conditions. Our method has been validated with both microarray and Repli-Seq data and is suitable for data from different species such as drosophila, zebrafish, mouse and human cells.

This paper proposes an entire pipeline to study efficiently and easily replication timing. We confirm that Repli-Chip method is as precise as Repli-Seq while consuming less time and cost.

Finally, the user-friendly START-R suite makes the manipulation of huge amounts of data more accessible to biologists.

INTRODUCTION

DNA replication is a highly regulated process involved in the maintenance of genome stability (1)(2)(3). Its accuracy relies partly on a spatio-temporal program that regulates timing and location of origin firing (4,5). Based on this program, replication is organized into large-scale domains that replicate at different times in S phase (6)(7)(8). Protocols developed to study the replication timing (RT) in specific cell lines have been established in different laboratories (9)(10)(11)(12)(13). A script dedicated to RT analysis was previously developed by David Gilbert's laboratory (10,12), but it required skills in bioinformatics and R language. In order to make the analysis of experimental results easier for biologists, we implemented an interactive suite, START-R (Simple Tool for the Analysis of the Replication Timing based on R) Analyzer and START-R Viewer, showing user-friendly interfaces. This START-R suite is dealing with RT experiments made with microarrays or with Repli-seq data (either Early/Late or S/G1 ratios) from different organisms. These web applications would make easier differential analyses of RT, by comparing conditions such as treated/untreated cells or mutated/normal cells. They are free and may be improved by developers, according to specific needs. In addition, RT profiles correlate with A/B compartment profiles predicted by chromosome conformation methods. Regions of the genome defined by Hi-C profiles as A compartments are also identified as Early replicated domains, whereas regions defined as B compartments are Late replicating domains (14). Furthermore, some replicating domains coincide with a subset of topologically associating domains and more closely with the ones located at compartment boundaries (15). Studies of RT programs with START-R suite take shorter time to perform and therefore open new research perspectives for many laboratories working in DNA replication, in chromosome conformation and in other closely related molecular processes.

MATERIALS AND METHODS

START-R suite

START-R Analyzer and START-R Viewer (doi:10.5281/zenodo.3251905) were developed using the Shiny R package (W. Chang, J. Cheng, J. Allaire, * To whom correspondence should be addressed. Tel: +33 1 57 27 80 74; Email: jean-charles.cadoret@ijm.fr † The authors wish it to be known that, in their opinion, the first two authors should be regarded as Joint First Authors. ‡ The authors wish it to be known that, in their opinion, the last two authors should be regarded as Joint Last Authors. C The Author(s) 2020. Published by Oxford University Press on behalf of NAR Genomics and Bioinformatics. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com We added a step allowing the differential analysis of RT programs from two experiments. Thus, we can now compare RT profiles obtained in different conditions and/or with different cell lines to identify genomic elements that can modify the RT program. Our differential analysis includes three different methods of comparison: the Mean method, the Euclidean method and the Segment comparison method. When the goal is to identify most regions with strong RT changes, we recommend using the most stringent Mean method. The less stringent Segment and Euclidean methods allow the detection of a larger set of RT changes, while increasing the risk of obtaining false positives.

The last major implementation is START-R Viewer (Supplementary Figure S1K). This web-based interface allows the visualization of the RT profile generated by START-R Analyzer in dynamic charts obtained with the Plotly library (C. Sievert, C. Parmer, T. Hocking, S. Chamberlain, K. Ram, M. Corvellec and P. Despouy, plotly: create interactive web graphics via 'plotly.js', R package version 4.7.1, 2017, https://CRANR-project.org/package=plotly). One can easily identify CTRs, TTRs (Supplementary Figure S5A) and significantly advanced or delayed regions (Supplementary Figure S5B). We therefore developed a genome browser to optimally display the maximum of data generated by START-R Analyzer. The START-R suite also automatically generates files with different output formats essential for further molecular characterizations and compatible for classical bioinformatic tools and/or for GALAXY genomic tools (21).

START-R analysis of RT programs during differentiation in mouse: a new analysis of previous data

To validate our START-R based-approach without a priori consideration, we decided to re-analyze the data generated by the Gilbert's group concerning the changes of RT program during cell differentiation in mouse D3esc and D3npc9 cell lines (16). We converted these raw data with the convertPair.R script available in our GitHub project into the correct format for START-R Analyzer. RT profiles generated with START-R Analyzer (Figure 2) and molecular signatures (Supplementary Figure S6) are identical to the ones previously described by Gilbert's group. Each modified timing region had a particular molecular signature: Lateto-Early or advanced regions show a GC/LINE-1 density and gene coverage similar to constant Early regions, while Early-to-Late or delayed regions showed GC/LINE-1 density and gene coverage similar to constant Late regions.

Validation of START-R with Early-Late Repli-seq data from mouse

Nowadays, many data of RT program are generated with Repli-seq experiments, but their analysis is time-consuming and often requires bioinformatics skills. We analyzed the Early/Late Repli-seq data from Marchal et al. (12). We specifically developed a supplemental script to convert the BAM coverage file to a log Early/Late file (convert bamcoverage file.R) to be sure that the integration into the START-R pipeline was correct. Then, we compared the RT smooth profiles generated from Early/Late Repli-seq data with those generated by the same group using microarrays (Figure 3A). Profiles are almost identical to the ones described by Marchal et al. (12). Thus, START-R Analyzer and START-R Viewer can be easily used to analyze Early/LateIDEX Repli-seq data, showing their versatility and their simplicity of use.

Validation of START-R with S-G1 Repli-seq data from Drosophila, zebrafish and humans

Other laboratories use the ratio of DNA content between G1 and S phases to analyze the RT program. We wanted to know whether START-R suite can run the correct analyses with this type of data and also with other organisms than mice and humans. We performed exactly the same pipeline used for Early/Late Repli-seq data described above with Drosophila, zebrafish and human S/G1 data (17)(18)(19). Then and as expected, START-R can be run with S/G1 log ratio data (Figure 3B andC). We observed similar profiles as the ones already observed for these different organisms.

DISCUSSION

In this study, we show a new automated protocol for analyzing RT profiles (Figure 1), obtained with different methods, in all organisms. As a proof of concept, we succeed in generating RT analyses for human, mouse, Drosophila and zebrafish genomes (Figures 2 and3). START-R suite's user-friendly interface allows choices between different parameters at all steps used to generate RT profiles (Supplementary Figure S1). Compared to the previous methods (10,12), START-R Analyzer first detects TTRs and thus better refines and improves the CTR detection (Supplementary Figures S3 andS5A). In addition, START-R Analyzer contains new calculation methods for differential analyses between two conditions or cell lines (Supplementary Figure S5B).

This flexibility gives the users the opportunity to choose the differential analysis method and different parameters according to their questions. It also automatically generates files with different output formats essential for further molecular characterizations and compatible for classical bioinformatic tools and/or for GALAXY genomic tools (21). Then, START-R Viewer produces a nice interface to visualize all the data generated by START-R Analyzer. Furthermore, START-R suite freeware are available on GitHub and their source codes are open to anyone who wants to improve them, as, for example, for studies of allelic changes of RT.

In conclusion, it is now possible for any biologist or laboratory to readily explore new or previous RT data simply and quickly. Thus, a large number of laboratories can today use our software to find out whether their experimental conditions are affecting the RT process or are correlated with other molecular mechanisms. START-R also allows to determine what parts of the genome are impacted and in which proportion and to characterize further those loci. Thanks to the accessibility of our approaches and software, their speed and efficiency, new research perspectives can be efficiently envisaged.

Supplementary Figure S6: Genomic characteristics of regions harboring different replication timing programs.

Using START-R Analyzer with the standard options, 2,066 CTRs were detected in the genome and 910 regions showed a different replication timing between D3esc and D3npc9 cells. A portion of chromosome 7 is depicted in Figure 2. START-R Analyzer automatically generates BED files that can be imported into a GALAXY session in order to generate complementary results by using the "Coverage of a set of intervals on second set of intervals" software. Boxplots illustrating differences in GC content, LINE-1 content and gene coverage between Early, Mid and Late replicating regions are shown. The two other categories show the characteristics of Advanced and Delayed regions. For each category, the mean value is indicated by an open red triangle. The band at the middle of the box indicates the median value. The bottom and top of the box are the 25 th and 75 th percentiles. Bottom and top whiskers represent the limits with exclusion of outliers (open circles). Advanced regions showed a GC/LINE-1 density and gene coverage similar to constant early regions, while Delayed regions showed GC/LINE-1 density and gene coverage similar to constant late regions. The genomic regions detected with the START-R suite showed the same specific molecular signatures as the ones previously described in Gilbert's laboratory. Unfortunately, we cannot compare the regions that we have identified with START-R with those previously discovered, since the article of Hiratani et al does not mention the genome coordinates. 

Introduction

The pRB pathway controls cellular progression during the G1-phase of the cell cycle, following growth factors stimulation of Cyclin D synthesis and its association with cyclindependent kinases CDK4/6 that phosphorylate Retinoblastoma-associated protein (pRB).

Later on, CDK2 associated with Cyclin E completes the phosphorylation of pRB thus dissociating it from transcription factor E2F. Free E2F can activate its targets and allow entry into the S-phase of cell cycle [START_REF] Bracken | E2F target genes: Unraveling the biology[END_REF]. Recently, the inhibitors of CDK4/6 palbociclib, ribociclib and abemaciclib have been introduced in the treatment of HR+ HER2metastatic breast cancers, usually in association with endocrine therapy [START_REF] Goel | CDK4/6 Inhibition in Cancer: Beyond Cell Cycle Arrest[END_REF].

However, loss of RB1 gene in triple negative breast cancer cells is a relatively frequent mechanism of resistance to inhibitors of CDK4/6 [START_REF] Knudsen | The vulnerability of RB loss in breast cancer: Targeting a void in cell cycle control[END_REF].

Recently, it has been shown that only abemaciclib shows a cytotoxic effect on different Rb negative cancer cell lines at relatively high concentration and induces an atypical cell death through lysosomal dysfunction [START_REF] Hino | Abemaciclib induces atypical cell death in cancer cells characterized by formation of cytoplasmic vacuoles derived from lysosomes[END_REF]. Chloroquine, a well-known drug used as an antimalarial and anti-inflammatory agent, is able to inhibit autophagosome-lysosome fusion, thus impairing cellular autophagy [START_REF] Mauthe | Chloroquine inhibits autophagic flux by decreasing autophagosome-lysosome fusion[END_REF]. Thus, we reasoned that affecting the lysosomal function with two drugs that have different mechanisms of action.

In this paper we studied the combined effects of Chloroquine and Abemaciclib on pRbdeficient cancer cell lines, in which abemaciclib activity is unrelated to inhibition of RB/E2F regulated genes. We observe that the low-dose combination of these two drugs induces classical cell death through apoptosis in pRb-deficient cancer cells. Taken together, these results open the possibility of a novel therapeutic treatment for Rb-deficient tumors.

Materials and methods

Results

Chloroquin potentiates the effects of abemaciclib on the viability of pRB-negative cells In order to assess the impact of sole drug on the viability of cells, we treated cells either abemaciclib or chloroquine in two cell lines (MDA-MB-468 and NCI-H295R). We then determined the curves of cellular viability by increasing doses. As expected, these two pRb deficient cell lines show resistance up to 1µM of abemaciclib which is generally considered as an inhibitory dose. However, abemaciclib impacts on the viability at higher concentrations in both cell lines. Of note, MDA-MB-468 cells are more sensitive to Abemaciclib than NCI-H295R cells (IC50 MDA-MB-468 2.64 µM; IC50 NCI-H295R 12.61 µM) (Figure 1).

Similarly, sensitivity to the autophagy inhibitor Chloroquine (CQ) was also higher in MDA-MB-468 cells than in NCI-H295R ones (IC50 MDA-MB-468 14.06 µM, IC50 NCI-H295R

µM).

With the aim to find combinations having synergistic effects on the viability of cells, we then tested several combinations of co-treatments with two drugs in different concentrations. When MDA-MB-468 cells are treated with 1µM of abemaciclib showing no impact on the viability of cells, in combination with 14µM of chloroquine, we detected that the cell viability is close to 0% (Figure2). Also, 5µM Abemaciclib resulted in a reduction of viability close to 0 % when combined to 25 µM CQ in NCI-H295R cells. Altogether, these experiments show that CQ potentiates Abemaciclib impact on cell viability of the pRB-negative MDA-MB-468 and NCI-H295R cells. 

Discussion

We demonstrated that abemaciclib in combination with chloroquine reduces more efficiently the viability of pRB deficient cells by apoptosis. This on-going project envisage to demonstrate if these synergetic effects are mediated by autophagy. Many evidences illustrated that abemaciclib has other targets than CDK4/6, which will impact cellular metabolism in a pRb independent manner. For instance, it has been reported that CDK4/6 inhibitors induce autophagy in several cancer cell lines. In this context, autophagy inhibitors such as chloroquine and Spautin-1 have been combined with CDK4/6 inhibitors and have been shown

to have synergistic effects in breast and gastric cancer cell lines [START_REF] Valenzuela | Palbociclib-induced autophagy and senescence in gastric cancer cells[END_REF][START_REF] Vijayaraghavan | CDK4/6 and autophagy inhibitors synergistically induce senescence in Rb positive cytoplasmic cyclin e negative cancers[END_REF]. Following this point of view, we will study the induction of autophagy by measuring indicative markers such as monodansylcadaverine (MDC) or LC3A/B and p62 level in cells treated with abemaciclib alone or in combination with autophagy inhibitors. In this work, we have shown that autophagy inhibitors potentiate the actions of abemaciclib. The next step is to propose this combination of drugs to enhance the efficacy and to reduce the eventual toxicity of abemaciclib to treat cancer patients.

Conclusion

My study comprises 3 projects with the aims of understanding actions of CDK4/6 inhibitors.

The first chapter describes anti-proliferative effects of CDK4/6 relative to the presence of pRb in ACC. Analysis of transcriptomic data allowed us to identify different sub-groups of ACC with one group in which CDK6 is revealed as a biomarker. Then we validated that CDK4/6 inhibitors efficiently induce cellular senescence in a pRb proficient ACC cell line but not in a pRb deficient cell line (NCI-H295R). Our findings propose CDK4/6 inhibitors as a new treatment of ACCs that are considered as aggressive cancers and have for now limited options of treatments. During this project, we highlighted some evidence showing that palbociclib induced a reduction in the viability of pRb deficient cells coupled with aberrant cell cycles. These observations drive us to characterize the actions of palbociclib in a pRb negative context.

In the second chapter, we particularly studied the effects of palbociclib on the dynamics of DNA replication using two pRb deficient cell lines (MDA-MB-468 and NCI-H295R). The analysis of the temporal program allows us to visualize how palbociclib disrupts DNA replication at the whole genome scale. The DNA fibers assay brings us a profound comprehension of the progression of replicating forks and the efficacy of origins at a molecular level. We found that palbociclib impairs the origin firing step of replication initiation by down regulating the expression of genes encoding proteins of the pre-IC.

Finally, the third chapter about an ongoing project shows the effects of abemaciclib in combination with other drugs that inhibit autophagy on pRb deficient cell lines. The cotreatment with abemaciclib and chloroquine shows synergistic effects on cellular viability of the two pRb deficient cell lines that we particularly studied (MDA-MB-468 and NCI-H295R).

This indicates that the action of abemaciclib is not mediated by the presence of pRb. We also demonstrated that this combination induces cell death by apoptosis at low doses of each drug.

The findings could further encourage abemaciclib in combination with chloroquine for the treatment of cancer. NCI-H295R cells have a homozygous deletion of exons 8 and 9 in the TP53 gene, which makes the protein nonfunctional (Sampaoli et al., 2012). The mutation of Tp53 provides cancer cells to survive by escaping from the DNA damage response control despite the instability of the genome. Using a RNA interference approach, a study demonstrated the prosurvival effects of TP53 mutants [START_REF] Lim | Mutant p53 mediates survival of breast cancer cells[END_REF]Casey G et al., 1991). Moreover, this mutated TP53 is not able to bind to RAD51, which contributes to the instability of the cells (Rasti and Azimi, 2015).

In this perspective, palbociclib can be proposed as a potential treatment for cancer with the aim of exacerbating the instability of the genome and of rendering cancer cells more vulnerable to replicative stress. We can consider that palbociclib might be used for patients with pRb deficient cancer combined with other therapeutic molecules that target the replicative response pathway even though the concentration of palbociclib used is high relative to the specific inhibitory dose. These effects could be potentialized in combination with other drugs targeting the vulnerability of pRb loss in cancers that already exhibit some instabilities of their genome. The findings are significant for a potential use of palbociclib in pRb deficient cancers. This study provides for the first time an extensive understanding of additional effects of palbociclib in a pRb negative context and proposes palbociclib as a new drug targeting the vulnerability of the genome in cancer deficient for pRb.

Effects of CDK4/6 inhibitors outside of the pRb pathway.

My work reveals here an unexpected result demonstrating that palbociclib has cytotoxic effects and impairs DNA replication in pRb deficient cells. Indeed, these effects may not be observed in pRb proficient cells because CDK4/6 inhibitors efficiently target the canonical pRb-E2F pathway, inducing cellular senescence. Indeed, considering that pRb plays a central role in the cell cycle progression as a major downstream target of CDK4/6, many studies including ours have focused on the anticancer effects of CDK4/6 inhibitors in pRb proficient cells. However, no more cells are observed in S-phase in this context. Furthermore, pRb proficient cells do not exhibit the intrinsic instability of the genome present in pRb loss context, implying that the effects could be only observable in pRb deficient cells. Finally, we applied a relatively high dose of palbociclib that exceeded the required concentration for canonical inhibitory actions. Actually, due to their narrow specificity for CDK4 and CDK6, these inhibitors are highly dependent on the presence of pRb if they are used at low concentrations around 1µM which is defined as the specific inhibitory dose. Hence, it could be worthy to evaluate the effects of inhibitors in pRb independent manner.

How can I explain the results mechanistically?

Keeping in mind these particularities of our study, I would speculate on two scenarios which could explain our findings either by indirect effects of palbociclib by a change in the conformation of the CDK4/6-cyclinD complex or by effects of palbociclib on off-target at high dose.

First, some studies showed that CDK4/6 inhibitors may have "non-canonical" mechanisms of actions on CDKs. A study has shown that palbociclib efficiently inhibits the activity of CDK4/6 but paradoxically stabilizes CyclinD3 bound to CDK4/6 [START_REF] Paternot | The CDK4/CDK6 inhibitor PD0332991 paradoxically stabilizes activated cyclin D3-CDK4/6 complexes[END_REF].

Strikingly, this complex has been found to be devoid of p21 and p27 kinase inhibitors.

Moreover, a recent study revealed the crystal structures of trimeric p21/p27-CDK4-CylinD complexes and discovered different mechanisms of action of palbociclib in relation to different allosteric forms of the enzymes (Figure 22; [START_REF] Guiley | P27 allosterically activates cyclin-dependent kinase 4 and antagonizes palbociclib inhibition[END_REF]. Indeed, phosphorylated p27 associated with CDK4/Cyclin D1 complexes promote their kinase activity. This trimeric complex has been shown to be insensitive to palbociclib. Surprisingly, palbociclib preferentially binds to monomeric CDK4/6 in breast cancer cell lines, which prevents the binding of p21 to CDK4/6-CyclinD complexes. As a consequence, this free p21 was shown to inhibit CDK2 instead. This reveals that CDK4/6 inhibitors have indirect effects on CDK2 through the non-canonical pathway of p21. 

Off-targets of palbociclib at 10µM

CDK4/6 inhibitors of third generation (palbociclib, ribociclib and abemaciclib) are specific small molecules acting within a nanomolar range of affinity for CDK4 and CDK6.

Nonetheless, these inhibitors have their own targets other than CDK4 and CDK6, as referred to off-target. In general, ribociclib is considered as the most selective inhibitor to CDK4 and CDK6 and abemaciclib has the largest spectrum of off-targets. Palbociclib is regularly placed at an intermediate position and often underrated relative to abemaciclib for the study of offtarget. Still, some evidence shows that palbociclib has potential off-targets at 10µM. Peter Karl Sorger's group described differences in CDK4/6 inhibitors activities by multi-omic analysis. They performed kinase activity assays in vitro and showed that palbociclib inhibits CDK2/cyclinA1 and CDK2/cylinE1 in the µM range (Hafner et al., 2019). A recent study quantifying CDK inhibitor selectivity in live cells revealed that 10 µM of palbociclib has a target occupancy of 65% for CDK2 (Wells et al., 2020) compared to nearly 0% for ribociclib.

Overall, it is probable that the concentration of palbociclib that we used in pRb deficient cells is sufficient to target CDK2 but it is not the case for ribociclib. Thus, this concentration is considered as too high but possibly attainable to treat patients [START_REF] Nguyen | Quantitative analysis of PD 0332991 in xenograft mouse tumor tissue by a 96well supported liquid extraction format and liquid chromatography/mass spectrometry[END_REF].

What are the consequences of these effects? Comparison with Cdc7i? I determined that palbociclib impairs the origin firing process of DNA replication by down regulating the expression of genes forming the Pre-IC as CDC7, DBF4 and CDC45. The transition from the Pre-RC to the Pre-IC is a critical step for the efficacy of origins activation.

The defects in these elements elicit either the activation of sur-numerous origins or a paucity of activated origins that may be sources of genome instability.

Consistent with our results, Santocanale Corrado's group has demonstrated that small interference RNA of Cdc7 impairs the progression of S-phase and that the Cdc7 inhibitor PHA-767491 decreases origin firing without changes in fork speed, thus leading to cell death by apoptosis (Montagnoli et al., 2004;Montagnoli et al., 2008). On the opposite, overexpression of CDC45 is associated with more fired origins coupled with a slowdown of fork rate and thus triggering the cell death by apoptosis. Taken together, rate limiting replicative factors are essential for the organized activation of origins. Activation of an insufficient number of origins could then generate under-replicated DNA regions and lead to chromosomal instability. We can further investigate if palbociclib could also induce chromosome abnormalities by measuring the formation of micronuclei, chromosome breaks in metaphase and anaphase bridges or aneuploidy.

Potentiality of abemaciclib in combination with chloroquine

Finally, in the third chapter, I demonstrated that abemaciclib in combination with chloroquine reduces more efficiently the viability of pRB deficient cells by apoptosis. This study could demonstrate that autophagy inhibitors potentiate the actions of abemaciclib, suggesting autophagy as a process that will protect cells from the cytotoxic effects of abemaciclib. Furthermore, autophagy is known as a cellular self-degradation process that allows cells to eliminate proteins and non-functional organelles. Under physiological condition, autophagy maintains homeostasis through fusion with the lysosome. Along with its physiological role, autophagy plays a crucial role in the development of cancers. Autophagy can give cells the ability to tolerate stress, which makes it possible to maintain the level of energy production in the cancer cells, enhance the tumor growth, and induce resistance to the cancer treatment. On the contrary, autophagy may increase the sensitivity to the treatment by facilitating senescence or apoptosis [START_REF] Zhineng | The role of autophagy in cancer: therapeutic implications[END_REF][START_REF] Glick | Autophagy : cellular and molecular mechanisms[END_REF]. We revealed here that inhibition of autophagy enhances the cytotoxic effects of abemaciclib, suggesting the cells protect by autophagy process in response to abemaciclib. This finding implies that the combination of two drugs could diminish the resistance in use of cancer treatment.

Taken together, the studies during my PhD thesis provide more precise information about the mechanism of CDK4/6 inhibitors. On one hand, I demonstrated the clinical potential of CDK4/6 inhibitors for ACCs. On the other hand, I showed that the effects of palbociclib or abemaciclib/chloroquine targeting pRb loss cancers, which contribute to enlarge the possibilities of drugs. These findings may also improve precise medicine for patients of cancer.
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  activation of CDKs is mainly regulated by their regulatory subunits, namely Cyclins D, E, A and B (Table1). In each phase, the abundance of Cyclins fluctuates along with the progression of the cell cycle, triggering the activation of their CDK partners. Besides, inhibitory proteins, called CDK inhibitors (CKI) are responsible for blocking the activity of CDKs. Two families of CKI have been discovered, namely the INK4 and Cip/Kip protein families (Table2).

Figure 1 .

 1 Figure 1. A schematic view of the cell cycle. The cell cycle progression is regulated by cyclindependent kinases (CDKs), their regulatory partner proteins cyclins, and CDK inhibitors. (Figure from Jingwen, Yaochen and Guojun, 2017)

Figure 2 .

 2 Figure 2. The classical model for regulation of the G1/S transition by cyclins and CDKs. (Figure from[START_REF] Goel | CDK4/6 Inhibition in Cancer: Beyond Cell Cycle Arrest[END_REF] 

Figure 3 .

 3 Figure 3. Sequential activation of CDK2 and CDK1. The activation of CDK2 requires the phosphorylation in T-loop before its binding to Cyclin A. The monomer CDK2 could be recognized by CAK and then bind to Cyclin A to form a stable complex. In contrast, CDK1 bound to Cyclin A remains unstable before the phosphorylation by CAK in Thr161. By the fact, CDK2 acts in the early and mid S-phase and CDK1 takes over in late S-phase. (Figure from Merrick and Fisher, 2010).

Figure 4 .

 4 Figure 4. Regulation of CDK1 in mitotic entry (Figure from Gheghiani et al., 2017).

Figure 5 .

 5 Figure 5. The chemical structures of CDK inhibitors. The published half-maximal inhibitory concentration (IC50) values against selected CDK complexes are shown. ND, not determined (Figure from[START_REF] Asghar | The history and future of targeting cyclin-dependent kinases in cancer therapy[END_REF] 

Figure 6 .

 6 Figure 6. Binding modes for third-generation drugs. CDK6 co-crystal structures for: palbociclib (A), ribociclib (B), and abemaciclib (C). Hydrogen bonds are depicted as dotted lines, and key active site residues are named (Figure from Chen et al., 2016)

  Many studies including ours (See the chapter Result I.A) have described how the inhibitors induce transient (quiescence) or permanent (senescence) cell cycle arrest in G1-phase by monitoring several non-exclusive features for senescence including flat cell morphology, positive staining for senescence-associated β-galactosidase, DNA damage and reversibility after withdraw of drug.

Figure 7 .

 7 Figure 7. CDK4/6 inhibitors and pRb pathway (Figure from Sánchez-Martínez et al., 2015)

Figure 8 .

 8 Figure 8. DREAM complex binds E2F to repress the expression of target genes (Figure from Engeland, 2018).

Figure 9 .

 9 Figure 9. Model for understanding how palbociclib contributes to the formation of inactive CDK2. (Figure from[START_REF] Guiley | P27 allosterically activates cyclin-dependent kinase 4 and antagonizes palbociclib inhibition[END_REF] 

Figure 10 .

 10 Figure 10. Cell cycle and DNA replication (Figure from Nevis at al.,2015).

Figure 11 .

 11 Figure 11. The distinct scales of DNA replication regulation in eukaryotes. A) Replication origin regulation at the molecular level B) DNA replication regulation at the replication domain scale. C) DNA replication at the nuclear scale and its regulation during the cell cycle. (Figure from Rivera-Mulia andGilbert, 2016) 

Figure 12 .

 12 Figure 12. Formation and activation of DNA replication origins (Figure from Fragkos et al., 2015)

Figure 13 .

 13 Figure 13. Replication impairment activates the checkpoint. (Figure from Gaillard, García-Muse and Aguilera, 2015)

  In addition, several trans-acting factors can also have impacts on the progression of replication forks. Since Deoxynucleotide triphosphates (dNTPs) are critical replicative factors, their shortage could also slow down the progression of replication forks. A reduced chromatin accessibility due to its local condensation, to tightly DNA-bound proteins or to active RNA polymerases are also factors that may impede the progression of replicative forks during elongation (Figure 14.b).

Figure 14 .

 14 Figure 14. Impaired replication fork progression. a) Secondary DNA structures and b) Trans factors or conditions impairing replication fork progression (Figure from Gaillard, García-Muse and Aguilera, 2015)

Figure 15 .

 15 Figure 15. Oncogene-induced replication stress. (Figure from Gaillard, García-Muse and Aguilera, 2015)

  takes place with local activation of adjacent replication origins and inhibition of late origins at a global genome scale. Suppressing late origins allows cells to preserve available replicative factors. Moreover, Chk1 and Chk2 phosphorylate TP53, a pivotal transcription factor of DNA damage response (DDR), which in turn activates genes involved in the cell cycle regulation and DNA repair. Through various pathways including mainly TP53, the cell cycle could be arrested allowing cells to have more time to resolve a perturbed fork progression and to repair DNA damages.

Figure 16 .

 16 Figure 16. A model for the rescue of stalled replication forks (Figure from Liao et al., 2018).

Figure 17 .

 17 Figure 17. Chromosomal instability (CIN) Characteristics (Figure from Vargas-Rondón, Villegas and Rondón-Lagos, 2018).

(

  palbociclib and ribociclib) on adrenocortical carcinoma cell lines, a pRb proficient cell line named SW-13 and a pRb deficient cell line named NCI-H295R. CDK4/6 inhibitors efficiently diminish cellular viability with increasing dose and induce the cell cycle arrest in G1-phase at 1µM in SW-13 cells, accompanied with reduced level of phosphorylated pRb. To further distinguish whether the cell cycle arrest is transient or permanent, we characterized several features of senescence including b-galactosidase activity, granularity and cell size shifts, cell flatness, vesicles and irreversibility from cell cycle arrest. Cells treated with either 1 or 5µM of ribociclib showed most of those features, but still a small population of cells entered the cell cycle after the elimination of the treatment. However, palbociclib induces an irreversible arrest referred to as senescence at 5µM, implying the effects of other targets. In contrast to SW-13 cells, NCI-H295R pRb-deficient cells show a resistance to CDK4/6 inhibitors as expected. The cellular viability was not affected up to 5µM of inhibitors. Still, palbociclib but not ribociclib diminishes the cellular viability at 10µM or more. We further demonstrated that palbociclib used at high dose induces apoptosis in NCI-H295R cells and this is explained by a defect in the Wnt/ b-catenin pathway. This confirms that palbociclib has more pronounced effects on cells as compared to ribociclib. This paper focuses on ACC by two main approaches: mining transcriptomic data from patients and bringing the result to wet biology in ACC cell lines. These are the first findings that demonstrate molecular mechanisms of action of CDK4/6 inhibitors for ACCs by comparing two cell lines regarding the presence of pRb. It is of note that while we did not mention it in the paper, we remarked one significant observation showing aberrant cell cycle progression in cells treated with palbociclib. This observation has driven us to speculate the effects of palbociclib in the dynamics of DNA replication and leads to the next study (See chapter Result II.A).

  High proliferation rate and high mutation density are both indicators of poor prognosis in adrenocortical carcinomas. We performed a hypothesis-driven association study between clinical features in adrenocortical carcinomas and the expression levels of 136 genes involved in DNA metabolism and G1/S phase transition. In 79 samples downloaded from The Cancer Genome Atlas portal, high Cyclin Dependent Kinase 6 (CDK6) mRNA levels gave the most significant association with shorter time to relapse and poorer survival of patients. A hierarchical clustering approach assembled most tumors with high levels of CDK6 mRNA into one group. These tumors tend to cumulate mutations activating the Wnt/β-catenin pathway and show reduced MIR506 expression. Actually, the level of MIR506 RNA is inversely correlated with the levels of both CDK6 and CTNNB1 (encoding β-catenin). Together these results indicate that high CDK6 expression is found in aggressive tumors with activated Wnt/β-catenin pathway. Thus we tested the impact of Food and Drug Administration-approved CDK4 and CDK6 inhibitors, namely palbociclib and ribociclib, on SW-13 and NCI-H295R cells. While both drugs reduced viability and induced senescence in SW-13 cells, only palbociclib was effective on the retinoblastoma protein (pRB)-negative NCI-H295R cells, by inducing apoptosis. In NCI-H295R cells, palbociclib induced an increase of the active form of Glycogen Synthase Kinase 3β (GSK3β) responsible for the reduced amount of active β-catenin, and altered the amount of AXIN2 mRNA. Taken together, these data underline the impact of CDK4 and CDK6 inhibitors in treating adrenocortical carcinomas.

Figure 1 .Figure 2 .

 12 Figure 1. Relapse free survival (left panel) and overall survival (right panel) rates in groups of patients as a function of CDK6 expression. Two groups of patients with CDK6 expression higher (grey curves) or lower (black curves) than cutoff values (bottom left in the graphs) have been defined for each trait. The number of patients in each group is indicated in parentheses. Cutoffs are expression values that maximized the significance of log-rank tests. p values of log-rank tests are at the bottom right in each box. Cutoff value is a gene-level transcription estimate, in RNA-Seq by Expectation Maximization (RSEM) normalized counts (downloaded from TCGA portal).

Figure 3 .

 3 Figure 3. Ribociclib and palbociclib lower viability of SW-13 and NCIH295R adrenocortical cell lines. Cells were treated with drugs during 96 h. (a) Mitotane alone (from 1 μM to 100 μM) or combined with CDK inhibitors dose-response bar graphs on SW-13 and NCIH295R cells. CI50 = 50% Combination indexes. (b) Ribociclib and palbociclib dose-response bar graphs on SW-13 (left panel) and NCI-H295R cells (right panel). Drug concentration ranges from 0.05 μM to 20 μM. For each measurement error bars indicate standard deviation value, estimated from two different experiments. Asterisks show the significant t-tests (p values < 0.05).

Figure 4 .

 4 Figure 4. Senescence features induced by ribociclib and palbociclib. (a) Cumulative bar chart showing the proportion of SW-13 and NCI-H295R treated cells in G1, S and G2/M cell cycle phases. (b) β-galactosidase activity is used as marker of senescence. The number of cells with β-galactosidase activity after treatment with ribociclib or palbociclib was counted and related to the number of cells

  (g) Images in phase contrast showing the change of cell morphology of SW-13 and NCI-H295R cells upon treatment with either palbociclib or ribociclib. (h) Table summarizing the main aspects of senescence in both cell lines when treated with either palbociclib or ribociclib. For (b) and (f), *P<0.05, **P<0.01, ***P<0.001.

Figure 5 .

 5 Figure 5. CDK4/6 inhibitors lower the proportion of Phosphorylated-pRB and the total amount of pRB proteins in SW-13 cells. (a and b) total pRB protein, phosphorylated-RB (phospho-RB), CDK6 and CDK4 were detected by western blot. (a) The results present the relative amounts of either Phospho-RB or pRB in drug-treated cells, compared to Phospho-RB or pRB in mock-treated cells. Values are the mean and standard deviations of two independent experiments. For the western blot experiments, α-tubulin was used as a loading control. In (b), significance was tested with the t-test. *P<0.05, **P<0.01, ***P<0.001.

Figure 6 .

 6 Figure 6. Palbociclib induces apoptosis in NCI-H295R cells by targeting the Wnt/β-catenin pathway. (a) Bar graphs showing apoptosis fold change in SW-13 or NCI-H295R cells upon treatment with either palbociclib or ribociclib. Caspase 3/7 activity was used as a read out to measure apoptosis. Results are the mean and standard deviations estimated based on three independent experiments. (b) Active β-catenin, total β-catenin, phospho-Ser9-GSK3β and total GSK3β were detected by western blot upon treatment with either palbociclib or ribociclib in both cell lines. GAPDH was used as a loading control. (c and d) Bar graphs showing the relative amount of phospho-Ser9-GSK3β on total GSK3β (c), or active β-catenin over total β-catenin (d) in both cell lines. Results are the mean and standard deviations based on two independent experiments. (e) Bar graphs showing levels of AXIN2 mRNA upon treatment with either palbociclib or ribociclib, in both cell lines. The values indicate the fold-change of mRNA levels after treatment with palbociclib or ribociclib, compared to mock-treated cells. AXIN2 mRNA levels in each condition were normalized to ACTNB (β-Actin) mRNA levels. qPCR were performed in triplicate. Mean and standard deviation are based on three different experiments. (f) Bar graph showing levels of secreted cortisol in the culture medium of NCI-H295R cells treated with ribociclib or palbociclib for 24 h and 48 h. Values are reported as percentage of concentration assayed with mock-treated cultures. Assay was performed in duplicate on culture media extracted from three different experiments. In (a), (c) and (d) Values are the mean ratio estimated from independent experiments. In (a), (c) and (d) significance was tested with t-test. In (e) and (f), significance was tested with the paired t-test. *P<0.05, **P<0.01.

Figure 7 .

 7 Figure 7. Pathways targeted by palbociclib in SW-13 and NCI-H295R cells. (a) In SW-13 cells palbociclib acts by inhibiting the kinase activity of CDK6 and leads to a decrease in phosphorylated Rb. E2F is then sequestered and cannot activate the transcription program necessary for the G1/S transition. In addition, palbociclib leads to a decrease of phosphorylated Ser9-GSK3β, resulting in GSK3β stabilization and consecutively to the degradation of βcatenin. Consequently, these events disturb the transcription program involved in inhibition of senescence, in cellular proliferation and in avoidance of apoptosis. (b) In NCIH295R cells palbociclib acts by inhibiting the kinase activity of CDK6. Since the cell line is Rb -/-, E2F activates the transcription program necessary for G1/S transition. Palbociclib lowers Ser9-GSK3β phosphorylation, increases its stability and ultimately induces β-catenin degradation. However, this cell line carries a heterozygous mutation in the CTNNB1 gene (p.S45P) that leads to a constitutively active form of β-catenin. Thus, only the non-mutated form of β-catenin is targeted by GSK3β that is stabilized by palbociclib.

Figure 18 .

 18 Figure 18. Principles of replication dynamics analyses. a. Scheme of the protocol used for a double pulse labeling of replication forks in asynchronous cell cultures. b. Examples of DNA fibers harboring initiation and termination events. Blue, DNA; green, IdU; red, CldU. c. Examples of replicon clusters. DNA is shown in blue. (Figure from Técher et al., 2013).

  The NCI-H295R (ATCC® CRL-2128TM) cell line from ATCC was cultured in Dulbecco's Modified Eagle Medium (DMEM) / Nutrient mixture F-12 Ham (1 :1) supplemented with GlutaMAX -I (Thermo Fisher Scientific, 31331-028), 2.5% Nu-SerumTM (Corning), 1:100 Insulin-Transferrin-Selenium Premix (Corning, 354350), 100 U/mL penicillin and 100 μg/mL streptomycin (Life Technologies, 15140122). They were seeded at a density of 50,000 cells/cm 2 for all experiments. MDA-MB-468 cell line was cultured in Dulbecco's Modified Eagles Medium (DMEM) with 4.5 g/L D-glucose, L-glutamine and pyruvate (Thermo Fisher Scientific, 41966-029) supplemented with 10% Fetal Bovine Serum, 100 U/mL penicillin and 100 μg/mL streptomycin (Thermo Fisher Scientific, 15140122). They are plated at a density of 20,000 cells/cm 2 for all experiments. Cells were cultured in a humidified incubator with 5% CO2. 24 hours after plating, cells were treated with palbociclib, ribociclib or Dimethyl sulfoxide (DMSO) during 96 hours or 48 hours for NCI-H295R and MDA-MB-468 cell lines, respectively. Palbociclib (PD-0332991, A8316) and Ribociclib (LEE-011, A8641), were purchased from CliniSciences. Palbociclib and Ribociclib 2mM stock solutions were prepared in DMSO.

  ) cy5.5-conjugated donkey anti-goat (Abcam, ab6951). Epifluorescence microscope (Axio Imager Z2; Carl Zeiss) equipped with a 63 × or 40 x objective lens (PL APO, NA 1.4 Oil DIC M27) and a motorized stage (M-689 XY Microscope Stage with PILine Motor; Physik Instrumente), and connected to a charge-coupled device camera (Cool-SNAP HQ2; Roper Scientific) was used. MetaMorph software (Roper Scientific)

  namely MDA-MB-468 and NCI-H295R, were treated with increasing doses of either palbociclib or ribociclib. Palbociclib reduced the cellular viability in a dose dependent manner while ribociclib had minimal effect on viability in both cell lines, indicating that palbociclib has cytotoxic effects in a pRb negative context (Fig1.A and B). In order to explore the nature of the impact on cellular viability, we first performed apoptosis analysis based on the activity of caspase3/7. MDA-MB-468 cells treated with 15 or 20μM of palbociclib showed a high activity of caspase3/7 whereas ribociclib had modest effect below 20μM (Fig1.C). NCI-H295R cells went to apoptosis at 15μM of palbociclib and the caspase activity could not be observed at 20μM due to massive cell death (Fig1.D). This finding suggests that palbociclib might have other effects in cells at relatively high doses, that do not require the presence of pRb. For all further experiments, we treated cells with 10µM of palbociclib or ribociclib since at this concentration palbociclib reduced significantly cell viability without inducing cell death by apoptosis. Of note, cells were treated for approximately one doubling time (48h for MDA-MB-468 cells and 96h for NCI-H295R) Then, the effects of these drugs on the cell cycle were investigated. Treatment of palbociclib modestly affected the distribution of the cell cycle, with only a slight increase of the proportion of cells in G2/M phase in MDA-MB-468 and NCI-H295R cells (Figure supplementary 1.A

  Mcm2. In both MDA-MB-468 and NCI-H295R cell lines, the level of those proteins remains constant (Fig 5.A and C) in the different experimental conditions. We further checked the phosphorylation level of Mcm2 and the loading on chromatin of Cdc7, Dbf4 and Cdc45 that are elements of the pre-initiation complex (Pre-IC) (Fig5.B). We found that the loaded amount of Cdc7 and Cdc45 and the level of phosphorylation of Mcm2 were decreased in the MDA-MB-468 cells after the palbociclib treatment (Fig5.D). In the NCI-H295R cells as well, the same treatment efficiently decreased the loaded amount of Cdc7, Dbf4 and Cdc45 (Fig5.E).

  total amounts of pre-IC proteins Cdc7 and Cdc45 proteins decreased in MDA-MB-468 cells treated with palbociclib (Fig6.A and B), which is consistent with the result obtained with chromatin extracts (Fig5.D). At the same time, less amount of Cdc7, Dbf4 and Cdc45 proteins were detected in palbociclib-treated NCI-H295R cells (Fig6.A and C). Then, we performed RT-qPCR to check whether palbociclib affects the mRNA level of these genes. We detected significantly reduced levels of Cdc7 and Cdc45 in MDA-MB-468 cells after 24 hours and of Dbf4 and Cdc45 after 48 hours of treatment (Fig6.D and E). In NCI-H295R cells, we observed that the expression levels of Cdc7 and Cdc45 were reduced after both 48 and 96 hours of treatment with palbociclib (Fig6.F and G). By the way, we did not detect any significant variations in the level of Orc1 and Mcm2 in both cell lines after the treatment. Our results suggest that palbociclib regulates the expression level of specific genes particularly involved in the formation of the pre-IC in pRb-deficient cell lines. This work explains how palbociclib impairs DNA synthesis by reducing the number of activated origins without altering the replication fork progression in a pRb negative context. We revealed that the actions are mediated by transcriptional regulation of genes for the pre-IC.

Figure 1 .

 1 Figure 1. Analysis of cellular viability, apoptosis in pRb deficient cell lines. A. The viability of cells is measured after 48 hours of treatment with increasing doses of palbociclib or ribociclib in MDA-MB-468 cells B. and in NCI-H295R cells. C. Histograms representing the activity of caspase3/7 after treatment with palbociclib or ribociclib in MDA-MB-469 cells D. and in NCI-H295R cells. N.D=Non determined. The statistical significance was tested with t-test; *P<0.05, **P<0.01, ***P<0.001.

Figure 2 .Figure 3 .

 23 Figure 2. Effects of palbociclib and ribociclib on DNA synthesis during S-phase. A. Cell cycle profiles after EdU incorporation and drug treatment in MDA-MB-468 cells B. and in NCI-H295R. The red lines represent the same level of incorporated EdU for each condition. C. Histogram representing the relative percentage of EdU incorporated in S-phase in MDA-MB-468 and NCI-H295R cell lines. (The statistical significance was tested with t-test; *P<0.05, **P<0.01, ***P<0.001). D. Total protein levels of Chk1, Chk1 phosphorylated on Serine 345 residues and gH2AX were measured by Western blot after 48 hours or 96 hours of the treatments in MDA-MB-468 and NCI-H295R cells, respectively. a-Tub and histone H3 were used as loading controls. E. Histograms representing the relative quantity of each protein normalized to the controls. (The statistical significance was tested with t-test; *P<0.05, **P<0.01, ***P<0.001). Two or more independent experiments were performed for each analysis (C and E)

Figure 4 .

 4 Figure 4. Analysis of fork speed, fork asymmetry and fork density in MDA-MB-468 and NCI-H295R cells treated with palbociclib. A. Dotplot indicating the fork speed of both cell lines with or without palbociclib treatment. The red lines show the median for each condition. Minimum 150 forks were scored for each condition. B. Histogram representing the fork speed mean in kb/min for each cell line. The statistical significance was tested with t-test; *P<0.05, **P<0.01, ***P<0.001) C. Histogram representing relative percentage of fork density in cells treated with palbociclib compared to control cells treated with mock. The density of forks is calculated as the number of forks divided by the sum of the total length of the fibers. A minimum of 250kb of fibers length is counted for each condition. The statistical significance was tested as aforementioned. Two independent experiments were performed for each condition.

Figure 5 .

 5 Figure 5. Chromatin loading of pre-ICs proteins in MDA-MB-468 and NCI-H295R cells treated with palbociclib. A. The fraction of proteins of the pre-RC bound to chromatin was analyzed by Western blotting. The same number of cells are used for fractionation for each condition. Histone H4 is a loading control. B. Same experiment as in A. for the proteins of the pre-IC. C. Histogram representing the relative level of

Figure 6 .

 6 Figure 6. Analysis of the total amount of proteins and expression levels of messenger RNA. A. The total level of pre-initiation complex proteins was analyzed by Western blotting. The same number of cells was loaded for each condition. a-Tubulin is a loading control. B. Histograms representing the relative total amount of proteins in MDA-MB-468 cells. C. in NCI-H295R cells. D. Histograms representing fold change of gene expression level for MDA-MB-468 cells treated with palbociclib for 24 hours. E. for 48h. F. and for NCI-H295R cells treated with palbociclib for 48 hours G. and for 96 hours. The level of the Tatabox binding protein (Tbp) was considered as a control and assess at 1, from which the other genes were normalized.

Figure 7 .

 7 Figure 7. A model explaining the effects of palbociclib on origin firing and its consequences in pRb deficient cells.

  study demonstrated the unexpected observation of a decreased level in DNA synthesis after a treatment with palbociclib in pRb-deficient cell lines (Fig2). The treatment in pRb deficient cells does trigger neither any cell cycle arrest nor any variation in the proportion of S-phase cells (Fig supp1.A et B). But, we noticed reduced DNA replication efficiency during the Sphase of the cell cycle (Fig2). We demonstrated the effects of palbociclib on DNA replication at the whole genome scale by studying the temporal program of DNA replication. We observed that the palbociclib disturbs the DNA replication timing, inducing significant delays in certain regions (Fig3). To decipher the mechanism of action of palbociclib on the dynamics of DNA replication, we have proposed 3 hypotheses. The first possibility is that palbociclib may disturb the elongation step by slowing down replicative forks and even leading to fork collapse.

FigureFigureFigure supplementary 3 .

 3 Figure supplementary 1. A. The proportion of each phase of the cell cycle is represented by percentage in MDA-MB-468 cells. B. and in NCI-H295R cells C. Boxplot representing the level of EdU incorporation in S phase in both cell lines. (Palbo=palbociclib treatment, Ribo=ribociclib treatment)

Figure

  Figure supplementary 4. A. Fork asymmetry is measured by CldU/IdU or IdU/CldU ratios higher than 1. The red lines indicate the median of fork asymmetry. (Palbo=palbociclib treatment, Ribo=ribociclib treatment)
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 1920 Figure 19. Analysis of molecular features for advanced and delayed regions after treatment with palbociclib. A.B.C.D in MDA-MB-468 cells and E.F.G.F in NCI-H295R cells. Boxplots depicting the coverage for each fraction of the genome (early, mid, late or TTR) are shown in A and E for advanced regions, and in B and F for delayed regions. G4 (C and G) and origins (D and H) coverage are shown in boxplots for each fraction of the genome (early, mid, late, TTR, advanced and delayed regions)

  II.B Efficient, quick and easy-to-use DNA replication timing analysis with START-R suiteII.B.1 SummaryReplication Timing is a well-preserved cellular program that ensures accurate DNA replication along with spatial origin activations. Monitoring this program allows us to understand how cells organize replication timing for each region of the genome throughout the S-phase of the cell cycle. Analysis of the temporal program of DNA replication provides an insight into the efficiency of activation of origins and the fork movements at the genome scale from early to late S-phase. In addition, by comparing two conditions, this allows to evaluate the impacts of a drug or of a gene modification as sources of replicative stress. Furthermore, combining replication timing results with other available data such as replication origins map, transcriptome, secondary structures prediction allows us to characterize the molecular features of altered regions upon replication stress.

Figure 1 .

 1 Figure 1. Stack overview of the START-R suite. The START-R suite is able to analyze all types of genome-wide RT data formats like microarray data, Repli-seq data with Early/Late and S/G1 ratios, and RT data from multiple organisms. The START-R suite was developed using the Shiny R package (W. Chang, J. Cheng, J. Allaire, Y. Xie and J. McPherson, Shiny: web application framework for R, R package version 1.2.0, 2018, https://CRANR-project.org/ package=shiny) and Plotly visualization tools (C. Sievert, C. Parmer, T. Hocking, S. Chamberlain, K. Ram, M. Corvellec and P. Despouy, plotly: create interactive web graphics via 'plotly.js', R package version 4.7.1, 2017, https://CRANR-project.org/package=plotly). The START-R software (START-R Analyzer and START-R Viewer) are open-source web-based applications (doi:10.5281/zenodo.3251905).For the storage and production steps, the START-R suite was concatenated using Docker in order to install, use and share it easily. These software can be used with different operating systems: Windows, Mac OS and Linux. The source code and the installation procedure are available on GitHub (https://github.com/thomasdenecker/START-R). To install the START-R suite, users should install Docker and follow the Readme file containing the installation procedure (https://github.com/thomasdenecker/ START-R/blob/master/README.md). Finally, in order to run the START-R suite, users should double-click on the START-R file (Windows) or launch the command line (Mac OS X, Linux), followed by opening an internet browser at the following URLs: http://localhost:3838/ for START-R Analyzer and http://localhost:3839/ for START-R Viewer.

Figure 2 .

 2 Figure 2. Genomic characteristics of regions harboring different RT programs. START-R Viewer allows the visualization of RT data with many features. The START-R differential analysis of RT profiles is shown here for a portion of chromosome 7 in mouse D3esc (blue) and D3npc9 (red) cells. We used START-R Analyzer with the standard options: Loess Early/Late normalization, scale inter-replica normalization, inter-experiment standardization, Loess method for smoothing (span = 300 kb), 2.5 for SD difference between two segments and mean comparison analysis with a Holm's method P-value of 0.05 for the differential analysis. The advanced (green) and delayed (pink) regions identified with START-R Analyzer are indicated underneath the RT profiles. Light gray and gray spots indicate data from both RT experiments. With these parameters, 2066 CTRs were detected in the genome and 910 regions showed different RT between D3esc and D3npc9 cells. Box plots illustrating genomic characteristics (GC content, LINE-1 content and gene coverage) of regions harboring different RT programs are shown in Supplementary Figure S6.

Figure 3 .

 3 Figure 3. The START-R suite allows analysis and visualization of both Repli-chip and Repli-seq data from different model systems. (A) RT profiles of a portion of mouse chromosome 10 from ES46C cell line are generated using Repli-chip (top panel) and Repli-seq data (bottom panel) with START-R web applications. Dashed vertical lines show common RT regions between both profiles. (B) RT profiles obtained by S/G1 ratios are shown for the left part of Drosophila chromosome 3 (3L) and for zebrafish chromosome 1 (blue lines). The profiles display distribution of Early and Late CTRs, in red and green, respectively, and of TTRs, in yellow. Segments corresponding to regions of constant timing are shown in purple. Gray spots indicate data from RT experiments. (C) RT profiles of human HEK293T chromosome 4 are generated using S/G1 ratio and Repli-chip data. The empty space inside the RT profiles represents the centromere region.

Figure 1 .

 1 Figure 1. Impact of Abemaciclib and Chloroquine on MDA-MB-468 and NCI-H295R cellular outgrowth. Upper panels: dose-response curves; viability was estimated after 48h treatments with either Abemaciclib or Chloroquine. Lower panels: half maximal Inhibitory Concentration (IC50), IC30 and IC70 that were estimated from viability assays.

Figure 2 .

 2 Figure 2. Impact of co-treatments of Abemaciclib and Chloroquine on MDA-MB-468 (A) and NCI-H295R (B) cellular viability. Viability assay was performed after 48h treatment with drugs.

Figure 3 .

 3 Figure 3. Impact of Abemaciclib and Chloroquine on MDA-MB-468 and NCI-H295R cellular apoptosis. Apoptosis assay was performed after 48h treatment with drugs. Apoptosis assay is based on the detection of caspase-3/7 activity through the measure of a luminescent product. Y-Axes: mean of measured luminescence within each condition, reported to the respective mock. Asterisks indicate the significance of Student's t-test: * p-value<0.05, ** p-value<0.01.

Figure 22 .

 22 Figure 22. Model for understanding how p27 mediates cyclin-dependent kinase 4 (CDK4) assembly, activity, and sensitivity to the kinase inhibitor palbociclib.
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Table 2 .

 2 Cyclin dependent kinases inhibitors (CKI) bind to CDK alone or to the CDK-Cyclin complexes and regulate CDK activities. (Table from[START_REF] Vermeulen | The cell cycle: A review of regulation, deregulation and therapeutic targets in cancer[END_REF] 

Table 3 .

 3 Phase III studies of CDK4/6 inhibitors in breast cancers (Figure fromSpring et al., 2019) 

Table 1

 1 

	). Increased expression associated	of 79 patients, adjusted p value = 4.05 x 10 -5 ). CDK6
	with poor prognosis was also observed for genes	and 9 other genes unrelated to proliferation, namely
	involved in E2F-dependent G1/S transition (CDK6,	E2F3, E2F5, ORC2L, ORC4L, ORC5L, CDKN2B,
	CCND1, E2F3-5 and TFDP2), in DNA replication	POLG2, REV3L and SMARCAL1, belong to the
	initiation (ORC2L, ORC4L and ORC5L), in S phase	expression cluster 2 (Supplementary Figure 1) and thus
	checkpoint (TIPIN, TP53) and stalled fork restart and	have similar expression profiles in ACC patients. The
	double-strand break repair (SMARCAL1 and MUS81).	Kaplan-Meier analyses demonstrate a shorter time of
	In contrast, associated with poor prognosis, we	OS and RFS of patients associated with high CDK6
	observed reduced gene expression of inhibitors of the	expression (Figure
	E2F pathway (CDKN2B, HDAC1, RB1), of genes	
	involved in DNA replication (GINS3 and TOP1), in S	
	phase checkpoint (RAD17, NBN and TP53BP1), and in	
	dNTP synthesis (RRM2B). The gene with the most	
	significant Log-rank test for RFS is CDK6 (cutoff value	
	> 10.63, n=25 out of 79 patients, adjusted p value =	
	6,97 x 10 -6 ). Its expression is also significantly	
	associated with OS (cutoff value > 10.74, n=24 out	

). Higher mRNA levels of genes encoding translesion DNA polymerases, namely POLB, POLL, REV1 and REV3L, and lower expression of POLK, indicated poor AGING prognosis (

Table 1 . Association between the expression levels of 28 genes with time of RFS and/or OS, but not with the expression of the MKI67 gene in ACC tumor samples.

 1 

			Correlation with MKI-67		Relapse Free survival				Overall Survival	
		Cellular	coef.		Risk			P-	Adj.	Risk			P-	Adj. P-
	Gene	process	Correl.	P-value	group Cutoff Percentile	value	P-val.	group Cutoff Percentile	value	val.
	DNA polymerases												
		Replication /												
	POLB	repair	0.0238	0.8268	-	7.692	9.3	0.1461 0.1629 High	8.705	77.2	0.0010 0.0018
		Mitochondrial												
		DNA												
	POLG2	replication	0.1385	0.201	High	7.394	88.9	0.0058 0.0234 Low	7.27	87.3	0.0240 0.0303
		Replication /												
	POLL	repair	-0.06111 0.5738	High	9.842	81.5	0.0128 0.0352 -	9.327	45.6	0.1071 0.1165
	REV3L	Translesion	0.149	0.1685	-	8.224	29.6	0.1252 0.1408 High	9.295	86.1	0.0024 0.0039
		DNA synthesis												
	REV1	Translesion	0.2021	0.06062 High	9.479	44.4	0.0122 0.0352 High	10.22	77.2	7.64E-	1.89E-05
		DNA synthesis											06	
	POLK	Translesion	-0.1658	0.125	Low	9.145	29.6	0.0008 0.0075 Low	8.899	26.6	1.26E-	2.90E-05
		DNA synthesis											05	
	G1/S													
	checkpoint													
	CDK6	CDK and their	0.1239	0.2529	High	10.63	79.6	5.12E-	6.97E-	High	10.74	69.6	1.79E-	4.05E-05
		regulators						08	06				05	
	CDKN2B	CDK and their	0.1209	0.2645	Low	7.09	29.6	0.0031 0.0169 High	8.264	75.9	0.0025 0.0039
		regulators												
	CCND1	CDK and their	0.02788	0.7976	-	12.53	87.0	0.0266 0.0510 High	12.66	81.0	0.0038 0.0056
		regulators												
	HDAC1	pRB pathway	0.1997	0.06391 Low	11.03	48.1	0.0164 0.0399 Low	10.31	12.7	0.0102 0.0140
	RB1	pRB pathway	-0.1955	0.06975 Low	9.334	13.0	0.0076 0.0285 -	9.899	29.1	0.0556 0.0652
	E2F3	pRB pathway	0.1764	0.1024	High	9.201	87.0	0.0130 0.0352 -	7.804	11.4	0.1264 0.1364
	E2F4	pRB pathway	0.1165	0.2827	Low	10.96	61.1	0.0217 0.0440 -	10.77	40.5	0.1294 0.1375
	E2F5	pRB pathway	0.08457	0.436	High	5.532	20.4	0.0411 0.0636 High	7.213	84.8	0.0107 0.0146
	TFDP2	pRB pathway	-	0.9428	High	8.354	72.2	0.0049 0.0209 -	7.35	13.9	0.1284 0.1375
			0.007805											
	DNA													
	replication													
	ORC2L	Pre-replication	0.137	0.2056	High	8.245	77.8	0.0040 0.0190 High	8.577	84.8	2.69E-	5.91E-
		complex											05	

05 AGING Molecular and clinical features of patients with high expression of CDK6 Since

  

	ORC4L	Pre-replication	-0.05241 0.6296	High	8.576	29.6	0.0104 0.0352 -	9.099	75.9	0.0518 0.0612
		complex										
	ORC5L	Pre-replication	0.1365	0.2076	-	8.235	16.7	0.2891 0.2912 High	9.51	88.6	0.0043 0.0063
		complex										
	GINS3	Initiation of	0.01906	0.8609	-	9.355	57.4	0.0819 0.1032 Low	8.902	41.8	0.0024 0.0038
		DNA										
		replication										
	TOP1	Topoisomerase -0.03081 0.7769	Low	10.86	25.9	0.0090 0.0314 Low	10.55	19.0	0.0146 0.0195
	S phase											
	checkpoint											
	RAD17	ATR + Rad17-	-0.132	0.2229	-	9.195	25.9	0.0477 0.0684 Low	9.471	49.4	0.0005 0.0008
		9-1-1 DNA										
		damage										
		sensors										
	NBN	ATM -MRN	-0.04222 0.6977	Low	9.129	9.3	0.0034 0.0179 Low	10.39	79.7	0.0175 0.0225
		DNA damage										
		sensors										
	TIPIN	ATM/ATR	0.1816	0.09256 -	5.981	40.7	0.2053 0.2181 High	6.53	70.9	0.0054 0.0077
		pathways										
		mediators										
	TP53	ATM and	-0.06086 0.5754	High	10.02	79.6	0.0002 0.0040 High	10.13	84.8	0.0019 0.0032
		ATR pathways										
		effector										
	TP53BP1	ATM and	-0.09276 0.3927	-	9.333	11.1	0.1691 0.1855 Low	10.16	57.0	0.0168 0.0217
		ATR pathways										
		effector										
	Stalled											
	forks											
	restart by											
	remodeling											
	/ DSB											
	repair											
	SMARCAL1 Helicase	0.146	0.1773	High	8.843	35.2	0.0205 0.0428 High	9.37	81.0	0.0152 0.0200
	MUS81	Holliday	0.1526	0.1582	High	8.886	66.7	0.0834 0.1040 High	8.951	59.5	4.94E-	1.27E-
		junction									06	05
		resolution										
	dNTP											
	synthesis											
		Ribonucleotide	-0.1183	0.2751		10.89	70.4	0.0296 0.0523 Low	9.512	17.8	0.0004 0.0007
	RRM2B	reductase										

our cell cycle / DNA metabolism approach highlighted the association of high CDK6 expression with short times to relapse and death, we looked for other clinical and molecular features shared by patients showing CDK6 overexpression. Hierarchical clustering based on mRNA levels of the 500 most variant genes in ACCs led to the constitution of clusters designated 1, 2 and 3. These clusters as a whole reflect the mRNAbased classification (Clusters of Clusters) recently published by TCGA

[10] 

(Figure

2a

). Cluster 2 includes 23 out of the 25 "CDK6-high" samples. The average

Table 2 . Correlation of clinical features with the CDK6 gene expression level of ACC tumors of n=79 TCGA patients.

 2 

		High CDK6	Low CDK6	p value
	Age	47.6 [40.2;55.0]	46.2 [42.2;50.2]	0.747
	Tumor Size	139 [108;169]	125 [96;154]	0.531
	Gender			
	Male	6	25	0.132
	Female	18	30	
	Hormonal Secretion			
	Yes	19	29	0.038
	No	4	22	
	Laterality			
	Right	9	26	0.468
	Left	15	29	
	Clinical stage			
	I	0	9	
	II	10	26	0.056
	III	7	9	
	IV	7	8	
	Weiss score			
	<4	4	10	
	4-5	7	9	0.491
	6-7	3	13	
	>7	5	9	
	Recurrence			
	Yes No	7 2	7 37	6.97 x 10 -6
	Time to recurrence	689 [ 297;1080]	1435 [1117;1753]	
	Death			
	Yes No	16 8	10 42	4.05 x 10 -5
	Time to death	1059 [746;1372]	1495 [1210;1779]	

Remerciements

ACKNOWLEDGEMENTS

We thank Anne-Lise Haenni (CNRS-UMR 7592, Institut Jacques-Monod, Paris, France) for attentive reading and correction of the manuscript. We acknowledge Tamara Advedissian and Frédérique Deshayes (CNRS-UMR 7592, Institut Jacques-Monod) for helpful discussions and suggestions, and also Griselda Wentzinger of the ImagoSeine core facility of the Institut Jacques Monod, member of IBiSA and France-BioImaging (ANR-10-INBS-04) insfrastructures, for her technical help. We are grateful to all the patients and families who contributed to The Consortium Genome Atlas study.

ACKNOWLEDGEMENTS

We thank Gaëlle Lelandais for helpful discussions. We also acknowledge the ImagoSeine core facility of the Institut Jacques-Monod, member of the France BioImaging (ANR-10-INBS-04) supported by the Region Île-de-France (E539). This project was supported by the generous legacy from Ms Suzanne Larzat to our group.

FUNDING

The project was supported by La Ligue Nationale Contre le Cancer (RS16/75-108 and RS17/75-135), the Groupement des Entreprises Françaises contre le Cancer (GEFLUC), and by the generous legacy from Mrs Suzanne Larzat to the group. FUNDING La Ligue Nationale Contre le Cancer RS16/75-108, RS17/75-135; GEFLUC; Institut National du Cancer INCa-10493; IDEX Université de Paris ANR-18-IDEX-0001.

Abbreviations

ACC, Adrenocortical carcinoma; COSMIC, Catalogue of Somatic Mutations In Cancers; EdU, 5-ethynyl-2'deoxyuridine; FDA, Food and Drug Administration; GEO, Gene Expression Omnibus; HR, Homologous Recombination; IC50, half maximal inhibitory concentration; OS, Overall Survival; RFS, Relapse Free Survival; TCGA, The Cancer Genome Atlas; KEGG, Kyoto Encyclopedia of Genes and Genomes; RSEM, RNA-Seq by Expectation-Maximization.

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: DH, JCC, CM, GB, FF. Performed the experiments: DH, SK, TD, LBD, FF. Analyzed the data: DH, SK, TD, FF, GB. Contributed to analysis tools: DH, TD, SK, FF. Wrote the paper: DH, GB and FF.

CONFLICTS OF INTEREST

The authors of this manuscript declare no conflicts of interest.

AGING SUPPLEMENTARY MATERIAL

Please browse the link in Full text version to see Supplementary Table 1. Association of 136 genes involved in G1/S phase transition, DNA replication and DNA damage response with overall survival and relapse free survival) in ACC patients of the TCGA consortium.

Data from n=54 and n=79 ACC samples were used for the log-rank correlation test for RFS and OS, respectively. Log-Rank tests the difference of RFS or OS time between "High" and "Low" expression groups of patients. The cutoff is the value of gene expression maximizing the significance of the difference between those two groups. The percentile is the proportion of individuals below the cutoff value. Adjusted p (Adj p) values have been obtained following the Benjamini Hochberg method. Significant Adj p values are written in bold characters. The correlation with MKI67 gene expression value was tested with Pearson test. Correl. coef. is the Pearson product-moment correlation coefficient that estimates the correlation of the expression level of each gene and of MKI67. 

Abstract

Over the last decade, CDK4/6 inhibitors (palbociclib, ribociclib and abemaciclib) have emerged as promising anticancer drugs. Numerous studies have demonstrated that CDK4/6 inhibitors efficiently block the pRb-E2F pathway and induce cell cycle arrest in pRb-proficient cells.

Based on these studies, the inhibitors have been approved by the FDA for treatment of advanced hormonal receptor (HR) positive breast cancers in combination with hormonal therapy.

However, some evidence has recently shown unexpected effects of the inhibitors, promoting needs to understand more about the mechanism of inhibitors beyond pRb.

Our study demonstrates here for the first time how palbociclib impairs the origin firing in the DNA replication process in pRb-deficient cell lines. Strikingly, despite the absence of pRb, cells treated with palbociclib synthesize less DNA without any induced cell cycle arrest.

Furthermore, palbociclib treatment disturbs the temporal program of DNA replication and reduces the density of replication forks. Cells treated with palbociclib show a defect in the loading of proteins of the Pre-initiation complex (Pre-IC) on chromatin, indicating a reduced initiation of DNA replication. Our findings highlight hidden effects of palbociclib on the dynamics of DNA replication and on its cytotoxic consequences on cell viability in the absence of pRb. This study provides a potential therapeutic application of palbociclib to target genomic instability towards pRb deficient patients.

II.A.3 Annexes

In order to assess the impact of palbociclib in temporal program of DNA replication, I compared two conditions (DMSO vs palbociclib or ribociclib) in each cell line and demonstrated the percentage of genome regions in which the replication timing is altered. It was figured out that the treatment of palbociclib mainly results in delayed regions in both studied cell lines.

Then, I performed further analysis to characterize molecular features of these regions (Figure 19). The coverage of advanced or delayed regions with early, mid, late or TTR regions is calculated. We remark that the delayed regions in MDA-MB-468 cells after the treatment with palbociclib are mainly detected in late replicated regions, indicating that palbociclib disturbs the origin firing in the late S-phase of the cell cycle. Then, the coverage for G4 and origins is calculated for each fraction of genome (early, mid, late, TTR) and each altered region after the palbociclib treatment (advanced or delayed). The delayed regions in late replicated domains display a poor G4 and origin coverage probably because of their enrichment in late S-phase in which constitutive origins are poorly determined. Compared to MDA-MB-468, we observed that delayed regions after the treatment with palbociclib are mainly positioned in early replicated regions and in TTR regions in NCI-H295R cells.

In order to explain this different response relative to each cell type, we compared these two cell lines in normal condition and detected 52.8% of difference in their temporal program (Figure 20). The total number of detected regions is similar in both cell lines (1674 in MDA-MB-468 cells and 1609 in NCI-H295R cells) but, we observed that the repartition in each fraction (early, mid, late replicated regions) is variable for each cell line. For instance, MDA-MB-468 cell line represents a greater number of late replicating regions than NCI-H295R cell line and inversely we found that NCI-H295R cells are more enriched in early replicating regions than MDA-MB-468 cells. The findings indicate that both cell lines have their own replication timing program, which could explain why palbociclib induces a delay in different regions of the genome in each cell line.

In line with this observation, we only found 20 common regions between both cell lines (10 advanced and 10 delayed domains) after the treatment with palbociclib (Table 4). We then 2020). Then, the neosynthesized BrdU labeled DNA is precipitated using an antibody against BrdU. Each fraction is labeled differently with fluorochromes, then both fractions are hybridized on a Comparative Genomic Hybridization (CGH) array containing a reference genome with respect to species. The signal ratios of each fraction is calculated for each region of the genome. START-R is a software developed in our laboratory to visualize replication timing profiles and compare two conditions with statistical tools.

II.B.2 Article

Y. Xie and J. McPherson, Shiny: web application framework for R, R package version 1.2.0, 2018, https: //CRANR-project.org/package=shiny). The source code and the installation procedure are available on GitHub (https://github.com/thomasdenecker/START-R). All R packages used in the START-R suite are listed in the Readme file on GitHub. Users should install Docker and then follow installation procedures described for each operating system (Windows, Linux and Mac OS) in the Readme file (Figure 1). Although the installation of these web-based applications has been simplified as much as possible, it may even so require some computer knowledge (especially on Linux). Once installed, the START-R suite is an easy-to-use tool requiring no computer skills (see Supplementary Figure S1 and the Wiki section on GitHub for more details).

Validation of START-R suite using microarray data from other laboratories

We analyzed with the START-R suite the microarray data obtained by Hiratani et al. (16) of D3esc and D3npc9 cell lines during mouse cells' differentiation (GEO accession numbers: GSM450273 and GSM450285, respectively). As data extracted from the Nimblegen platform are in PAIR format, we used a script to convert data into a valid format for START-R Analyzer (convertPair.R, available on GitHub in 'supplement script' file, https://github.com/ thomasdenecker/START-R).

Early/Late-seq data and conversion

In order to validate our software, we used data corresponding to Repli-seq 46C mouse cells--Early S fraction or Late S fraction, respectively (GSM2496038 and GSM2496039). Read mapping was obtained using Bowtie2 (2.3.4.2 version) with the very sensitive end-to-end option. Then, PCR duplicates were removed by RmDUP from SAMTools (2.0.1 version). BamCoverage parameters were fixed (3.1.2.0.0 version with default parameters) to a bin size of 10 kb (corresponding to the genomic distance between microarray probes) and reads per kilobase million (RPKM) normalization to generate a bedGraph file. A headline was added to the file to name the four columns (chr, start, end and gProcessedSignal for Early file or rProcessedSignal for Late file, respectively). Then, a script to convert and merge the bedGraph files from Early and Late samples to a format compatible with START-R Analyzer was developed. This script is available on GitHub in 'supplement script' file as convert bamcoverage file.R.

Validation of START-R suite using S/G1 data from multiple species

Different laboratories analyze variations of DNA copy number between G1 and S phase cells (S/G1 ratio) to study the RT program with Repli-seq. We used data obtained from different organisms such as Drosophila, zebrafish and humans (17)(18)(19), to validate the START-R suite (GSM3154888, GSM3154890, GSM2282090, SRX3413939-40). As previously, BAM coverage files from G1 and S fractions are converted to a format compatible with START-R Analyzer with the aforementioned 'convert bamcoverage file.R.' script.

RESULTS

RT analysis with START-R suite allows robust statistical analysis

We developed a software allowing an automatic detection of RT regions and a differential analysis between two conditions. The START-R suite is implemented into an HTML interface for more efficient use and sharing by biologists. START-R is built-in and packaged into a virtual environment with Docker (Figure 1). Thus, START-R can be easily deployed on a personal computer or on a server, and can run independently of any library updating. START-R provides as many parameters as possible for a comprehensive analysis of the RT program (Supplementary Figure S1A-K). Furthermore, we added new scaling, normalization and smoothing methods (Supplementary Figure S2) and also novel statistical approaches to detect differences between two samples. A classical differential analysis performed with START-R takes ∼15 min with a standard laptop computer. START-R Analyzer can run data from all organisms with different genome assemblies. This flexibility is one of the new aspects of the START-R suite that allows to analyze RT program in every organism (Supplementary Figure S1B). In addition, START-R generates RT profiles in PDF and all the files necessary for a better and customized visualization with START-R Viewer. START-R Analyzer also produces specific files that could be visualized with START-R Viewer, a specific genome browser tool dedicated to START-R suite.

A large panel of new settings and tools for RT analysis

We based our method on four major steps: normalization (between Early and Late fractions, between two replicates and between two independent experiments; Supplementary Figure S2A), smoothing (different options are available; Supplementary Figure S2B), identification of transition timing regions (TTRs; Supplementary Figure S3) and segmentation. The originality of our approach is to first detect TTRs in order to better identify constant timing regions (CTRs; Supplementary Figure S3). The identification of TTRs is based on their intrinsic properties: regions that include more than three consecutive probes with significantly different Early/Late intensity log ratios are considered as TTRs (Supplementary Figure S3). The statistical significance of differences between intensity log ratios is calculated by the outlier box plot method (Supplementary Figure S4) (20). Following TTR detection, START-R Analyzer localizes CTRs: TTRs are subtracted from the genome (Supplementary Figure S3) and the remaining regions are considered as CTRs. At the end of these steps, START-R Analyzer automatically generates a BED file for CTRs and TTRs making easier further bioinformatic analyses and the display of the RT domains via a genome browser (Supplementary Figure S1F). A codebook is also generated to ensure the traceability of options chosen for each analysis. The initialisation step consists in choosing the analyzed organism which can be either Human (for microarray data obtained with the hg18 genome assembly), or No centromere (for example for Drosophila genomic data) or Others (for human data obtained with a genome assembly higher than hg19 or for other species). We have to note that it's also possible to upload a file containing the centromeres coordinates for non mammalian organisms. The user has then to choose to perform a differential analysis or not. "Prev" and "Next" buttons allow the user to move forward or backward within START-R Analyzer.

C) Upload of intensity files.

The user has first to set up the general parameters for the Early and Late replicating fractions, by choosing the column names of the files for the green and red signals and attributing the Cy3 or Cy5 dye to the Early or Late fractions. The selected files for the analyses are imported and should be in txt format. A format compatible with START-R Analyzer can be obtained for NGS data by using a script available on GitHub in the "supplement script" file (convert_bamcoverage_file.R). The user can choose several options concerning the imported files as the presence of a header, the kind of separator, the presence of a quote in the file, the number of information lines to skip before launching the analysis and the display of a part of the loaded files. D) Selection of intra-array, inter-replicate and inter-experiment normalisation algorithms. The next step is the choice of the normalisation's algorithms that the user wants to apply to the data. For each method available for each step of the normalisation (intra array, inter replica and inter experience), a short explanation of the method will be displayed on the screen when checked by the user. E and F) Selection of differential analysis settings and output files.

The set up of the analysis parameters is next chosen by the user. For each step, the objective of the analysis is described beside. The smoothing method is chosen with a drop-down menu and a short description of the method is displayed on a dialog box. An additional option allows to fix the span to control the degree of smoothing. The second step is the TTR detection which is followed by the segmentation step to detect the CTR. The user can then adjust the standard deviation if wanted. The last step is the fusion that will combine the results of the TTR and CTR detections.

The file and graphical outputs are then selected by the user. G) Validation of the analysis summary.

The user can click to the "Validate" button after checking the summary of the START-R analysis. The "Prev" button allows to get backward inside the software if needed.

H, I and J) The analysis running sections. The user just has to click on the "Run" button to launch the analysis, which will be processed in around 15 minutes. A green check mark will appear on the screen when the analysis is performed. When an analysis is done with START-R analyzer, all results for this analysis are available in the folder START-R_analyzer/Outputs. The folder name begins with the date of analysis and successive numbers (the first analysis will be named 20200511_1, the second analysis 20200511_2 …). A summary of the analysis can be found in the codebook.txt file. This software offers several types of outputs to evaluate the results. Text General information about the chromosome can be chosen in the "Select general information to plot" dialog box, like the histogram of intensity, showing the occurrence versus the intensity of the RT signal. We can note that the intensity of the signal is mostly distributed between -2 and +2, corresponding to late and early replicating regions, respectively. The user can also display the box plot of CTR/TTR intensity.

Supplementary Figure S2: Normalisation and smoothing of the chip data.

A) Normalisation of the chip data. Graphs depicting the distribution of log ratio intensities of Cy3 and Cy5 shown in red (R) and green (G), for 2 replicas before (raw data) and after intraarray normalisation with the Loess method, and inter-array normalisation with the scale method. B) Smoothing of the normalized data obtained by chip. Smoothing was applied on the normalised data to generate the most representative curve of the distribution of dots using either the Loess method based on linear regression or the Triangular method using a moving mean with overlapping windows. 

Analysis of cellular viability

After treatment, viability was measured using the CellTiter-Glo® Luminescent Cell Viability kit (Promega), following the manufacturer's instructions. Luminescence was measured with a SpectraMax i3 Multi-Mode Microplate Detection Platform (Molecular Devices, Sunnyvale, CA, USA). Assays were performed in duplicates, in three independent experiments.

Apoptosis analysis

Apoptosis was measured using the Caspase-Glo 3/7 Assay system (#G8090, Promega) as recommended by the manufacturer. Luminescence was measured with a SpectraMax i3 Multi-Mode Microplate Detection Platform (Molecular Devices, Sunnyvale, CA, USA). Assays were performed in duplicates, in two independent experiments.

Discussion and perspectives

Characteristics of pRb loss cancer

In the "palbociclib and DNA replication" chapter, I highlighted the effects of palbociclib beyond the presence of pRb using two pRb deficient cell lines, MDA-MB-468 and NCI-H295R, which are respectively derived from Triple negative breast cancer and Adrenocortical carcinoma. Both harbor a large deletion in RB1 gene [START_REF] Bookstein | Human retinoblastoma gene: long-range mapping and analysis of its deletion in a breast cancer cell line[END_REF][START_REF] Ragazzon | Mass-array screening of frequent mutations in cancers reveals RB1 alterations in aggressive adrenocortical carcinomas[END_REF], resulting in the loss of function of pRb. pRb loss is frequently observed in several cancers. It was reported that about 75 % of Small Cell Lung Cancer harbor mutations in RB1 gene [START_REF] Bhateja | Retinoblastoma mutation predicts poor outcomes in advanced non small cell lung cancer[END_REF]. In hepatocellular carcinoma, a loss of chromosome 13 is observed in about 30% of the patients and this deleted region commonly includes RB1 locus at 13q14 (Laurent-Puig and [START_REF] Laurent-Puig | Genetics of hepatocellular tumors[END_REF]. In particular, Triple negative breast cancer exhibits about 40% of incidence for pRb loss compared to other subtypes of breast cancer only showing 2-3% of loss [START_REF] Treré | High prevalence of retinoblastoma protein loss in triple-negative breast cancers and its association with a good prognosis in patients treated with adjuvant chemotherapy[END_REF].

On one hand, cells exhibiting loss of pRb have common features: deregulated E2F activity, overexpression of CDKN2A encoding p16 and diminished amount of Cyclin D [START_REF] Witkiewicz | Retinoblastoma tumor suppressor pathway in breast cancer: Prognosis, precision medicine, and therapeutic interventions[END_REF]. These characteristics could provide advantages for cancer cells to proliferate in an uncontrolled manner, which contribute to the development of tumors. Thus, the resistance to anti-proliferative effects of CDK4/6 inhibitors is associated with the absence of pRb, the overexpression of p16 and small amounts of CyclinD, which makes cells independent toward the CDK4/6 pathway. (Lin and Scott, 2012). Thus, another study showed that the palbociclib treatment could neither reduce the phosphorylation of p107 nor of p130 in pRb deficient Hep3B cells (Lin and Scott, 2012). A recent study also demonstrated that CDK4 is not activated in pRb deficient cells due to its absence of phosphorylation at the T172 amino acid in T-loop [START_REF] Raspé | CDK 4 phosphorylation status and a linked gene expression profile predict sensitivity to palbociclib[END_REF]. Finally, all these findings suggest the absence of functional CDK4/6 in pRb deficient cells.

On the other hand, cells with pRb loss exhibit intrinsic genome instability. Interestingly, the two pRb deficient cell lines we studied harbor mutation in the TP53 gene. MDA-MB-468 cells possess only one copy of TP53 gene (hemizygous) with a missense mutation (R273C).