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The HTRA3 protease/chaperone stabilizes cathepsin B for degradation of mitochondrial POLG1 in progeroid Cockayne syndrome and senescent cells
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DNA polymerase g (Pol g) is essential for the replication of mitochondrial DNA (mtDNA), but it is not understood how the homeostasis of Polg is regulated. We previously reported depletion of Pol g catalytic subunit, POLG1, in cells from patients with progeroid Cockayne syndrome (CS), depending on overexpression of the HTRA3 chaperon/protease. We show here that POLG1 is degraded by cathepsin B (CTSB) upon stabilization by HTRA3, thereby through a chaperon/protease-protease complex. CTSB is prevalently located in lysosomes that are defective in CS cells. We show accumulation of CTSB in CS cells, and active CTSB in mitochondria. Lysosomes destabilization increases mitochondrial POLG1 degradation.

Moreover, HTRA3 stabilizes the RAC1 GTPase that also interacts with CTSB. Finally, we show that CTSB accumulation occurs also during replicative senescence of normal cells. With isogenic cellular models, we demonstrate that senescence triggers CTSB and HTRA3 accumulation. Thus, we describe a novel type of degradation complex for mitochondrial proteins, its dependence on replicative senescence and its upregulation in progeroid CS cells.
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INTRODUCTION

Ageing and progeroid diseases

Ageing is a process characterized by a progressive decline in physiological functions, leading to increased vulnerability to disease and death [START_REF] Vijg | Puzzles, promises and a cure for ageing[END_REF]López-Otín et al. 2013). This deterioration is the biggest risk factor for the development of major human pathologies including cardiovascular disorders, diabetes, cancers, and neurodegenerative disorders like Alzheimer's disease [START_REF] Kennedy | Geroscience: linking aging to chronic disease[END_REF]). However, our understanding of the mechanisms governing ageing remains limited. In this sense, in a seminal review, López-Otín et al. proposed nine cellular and molecular hallmarks that represent common denominators of ageing in multiple organisms (López-Otín et al. 2013) (Fig. 1). These widely accepted hallmarks are also considered as readouts to demonstrate the ability of delaying or accelerating the ageing process by experimental interventions. These features can be classified into three categories: primary hallmarks, antagonistic hallmarks, and integrative hallmarks (López-Otín et al. 2013). Primary hallmarks are defined as causes of damage and comprise epigenetic alterations, genomic instability, telomere attrition, and loss of proteostasis. Antagonistic hallmarks, on the other hand, are responses that have opposite effects depending on their extent (beneficial at low levels, detrimental at high levels) and include mitochondrial dysfunction, cellular senescence, and deregulated nutrient sensing. For example, cellular senescence can act as a protective stress response, serving as an anti-cancer barrier, but in excess can promote ageing. The third category includes hallmarks that are ultimately responsible for the functional age-associated decline and include altered intercellular communication and stem cell exhaustion.

The field of physiological ageing is expected to take advantage from the study of progeroid syndromes such as Hutchinson-Gilford progeria syndrome (HGPS), Werner syndrome (WS), and Cockayne syndrome (CS) that are rare genetic disorders resembling some features of accelerated ageing (Kipling et al. 2004). Indeed, cellular and molecular hallmarks of physiological ageing such as cellular senescence, epigenetic alterations, and telomere dysfunction have been shown to be recapitulated in precocious ageing models [START_REF] Kubben | Shared molecular and cellular mechanisms of premature ageing and ageing-associated diseases[END_REF]. The combination and extent of ageing-related alterations are specific to each progeroid syndrome. Given that not all defects observed during regular ageing are clinically recapitulated in these syndromes, they are often referred to as segmental progeroid syndromes

Cockayne syndrome (CS)

CS clinical features and severity groups

Although the mutations responsible for most progeroid syndromes have been well characterized, the molecular mechanisms that accelerate the ageing process still remain puzzling. One example is the progeroid Cockayne Syndrome, a rare autosomal recessive multisystem disorder described 85 years ago by the physician Dr. Edward Alfred Cockayne [START_REF] Cockayne | Dwarfism with retinal atrophy and deafness[END_REF]). Yet the complexity of the mutated proteins as well as the complex clinical phenotype, have probably hindered a comprehensive understanding of the mechanisms of this disease, and thereby the development of therapeutic interventions that slows or halts its progression.

CS is a degenerative and life-threatening syndrome with an estimated incidence of 2.7 per million live births in Western Europe [START_REF] Kleijer | Incidence of DNA repair deficiency disorders in western Europe: Xeroderma pigmentosum, Cockayne syndrome and trichothiodystrophy[END_REF]. The typical CS phenotype includes severe developmental delay, microcephaly, mental retardation, cachexia, recognizable facial appearance with deep sunken eyes (Fig. 2) [START_REF] Nance | Cockayne syndrome: review of 140 cases[END_REF]Laugel 2013;[START_REF] Wilson | The Cockayne Syndrome Natural History (CoSyNH) study: clinical findings in 102 individuals and recommendations for care[END_REF]. Some CS patients have an extreme sensitivity to UV light; even short sun exposure can cause severe sunburn. CS is a relevant ageing model since it recapitulates many features of physiological ageing including progressive hearing loss, loss of subcutaneous fat, cognitive decline, atherosclerosis, arteriolosclerosis, chronic hypertension, diabetes and nephrotic reduction (Laugel 2013;[START_REF] Wilson | The Cockayne Syndrome Natural History (CoSyNH) study: clinical findings in 102 individuals and recommendations for care[END_REF][START_REF] Karikkineth | Cockayne syndrome: Clinical features, model systems and pathways[END_REF]. Unraveling the molecular mechanisms leading the progeroid defects in CS may help to develop therapeutic interventions as well as to understand the molecular basis of physiological ageing. On the other hand some CS symptoms do not overlap the usual clinical spectrum of ageing, for instance the extent of global degeneration observed in CS, as well as specific teeth anomalies or retinal pigmentary degeneration. Other ageing features are not observed in CS patients, such as increased susceptibility to cancer and progressive decline of the immune function (Laugel 2013).

Figure 2. Facial features in Cockayne syndrome (CS) patients.

Pictures of two CS patients (a ,b)

showing the progressive loss of facial subcutaneous fat over time, leading to sunken eyes and facial features typical of CS patients. Adapted from [START_REF] Wilson | The Cockayne Syndrome Natural History (CoSyNH) study: clinical findings in 102 individuals and recommendations for care[END_REF].

CS is primarily caused by mutations in CSA/ERCC8 (≈30% of cases) or CSB/ERCC6 (≈70% of cases), which code for the CSA and CSB proteins, respectively. These proteins are classically known for their role in DNA repair, more specifically in the transcription-coupled nucleotide excision repair (TC-NER) pathway [START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF][START_REF] Vessoni | Cockayne syndrome: The many challenges and approaches to understand a multifaceted disease[END_REF].

CS is a progressive disorder, with a spectrum of clinical severity and most symptoms appearing in early childhood and worsening with time (Laugel 2013;[START_REF] Wilson | The Cockayne Syndrome Natural History (CoSyNH) study: clinical findings in 102 individuals and recommendations for care[END_REF]).

Historically, it has been clinically classified into three types according to age of onset, symptom severity, and rate of progression: moderate CS (Type I or Classical CS), severe CS (Type II or early-onset CS) and mild CS (Type III or Mild/Atypical CS) (Fig. 3) [START_REF] Nance | Cockayne syndrome: review of 140 cases[END_REF].

Patients with the most severe form of CS are unable to speak or sit independently, while patients with milder CS forms are able to talk and walk, and can even hold jobs [START_REF] Morris | Cochlear Implantation in Cockayne Syndrome: Our Experience of Two Cases With Different Outcomes[END_REF].

Life expectancy for severe CS is approximately 5 years, for moderate CS is 16 years, and for the mild form above 30 years (Laugel 2013). Although these distinctions are made clinically, to date, no underlying molecular or genetic explanations for the disparities in disease severity have been reported [START_REF] Laugel | Mutation update for the CSB/ERCC6 and CSA/ERCC8 genes involved in Cockayne syndrome[END_REF][START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF]. Moreover, accumulating clinical data clearly indicate that there is no distinct threshold between the subgroups and each intermediate degree of severity can be observed in CS patients, resulting in a continuous spectrum of severity (Laugel 2013). In line with this, rare cases of very mild or adult-onset CS have been identified and linked to mutations in CSB, in which there is a complete absence of symptoms until their 30s or 40s [START_REF] Hashimoto | Adult-onset neurological degeneration in a patient with Cockayne syndrome and a null mutation in the CSB gene[END_REF]Laugel 2013). To note, the most severe cases are prevalently due to CSB mutations. Another clear example of clinical heterogeneity is the fact that although all CS patients have cellular hypersensitivity to the UV light (see next section), cutaneous photosensitivity is not clinically prominent in all CS patients (Laugel 2013;[START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF]. Interestingly, mutations in CSA or CSB are almost clinically indistinguishable, with the exception of some features that seem to be more prevalent in patients mutated in CSB (e.g. cataracts) [START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF].

Figure 3. CS has a continuous spectrum of severity.

Adapted from (Laugel 2013).

Two more syndromes, also caused by mutations in CSB or CSA, have been described, which are positioned at the opposite ends of this spectrum. The very severe cerebro-oculo-facioskeletal syndrome (COFS), with a very early onset of the disease in the fetus, was reported independently of CS, and then proved to share the same genetic defects as CS [START_REF] Meira | Manitoba aboriginal kindred with original cerebro-oculo-facio-skeletal syndrome has a mutation in the Cockayne syndrome group B (CSB) gene[END_REF]. COFS patients show mutations mainly in CSB but also in XPD, XPG and ERCC1 [START_REF] Laugel | Cerebro-oculo-facio-skeletal syndrome: three additional cases with CSB mutations, new diagnostic criteria and an approach to investigation[END_REF][START_REF] Meira | Manitoba aboriginal kindred with original cerebro-oculo-facio-skeletal syndrome has a mutation in the Cockayne syndrome group B (CSB) gene[END_REF]. On the other side of the spectrum, mutations in CSA or CSB are responsible for another syndrome, the UV-sensitive syndrome (UVSS), characterized by mild photosensitivity, without the precocious ageing and neurodegeneration [START_REF] Horibata | Complete absence of Cockayne syndrome group B gene product gives rise to UV-sensitive syndrome but not Cockayne syndrome[END_REF][START_REF] Miyauchi-Hashimoto | Cockayne syndrome without typical clinical manifestations including neurologic abnormalities[END_REF][START_REF] Nardo | A UV-sensitive syndrome patient with a specific CSA mutation reveals separable roles for CSA in response to UV and oxidative DNA damage[END_REF]). UVSS patients have also been linked to mutations in another gene, UVSSA, that also participates in TC-NER [START_REF] Nakazawa | Mutations in UVSSA cause UV-sensitive syndrome and impair RNA polymerase IIo processing in transcription-coupled nucleotide-excision repair[END_REF][START_REF] Zhang | Mutations in UVSSA cause UVsensitive syndrome and destabilize ERCC6 in transcription-coupled DNA repair[END_REF]. Given the recent description of these patients, it is still unclear whether UVSS patients will experience CS symptoms in their 50s or 60s, or if they are truly free of extra-UV sensitivity symptoms (Laugel 2013).

Finally, rare cases do exist with the combination of features of CS and Xeroderma pigmentosum (XP) (termed XP/CS). These patients manifest, in addition to CS defects, classical XP characteristics (skin pigmentation and extremely increased skin cancer risk) and are linked to mutations in other NER-associated proteins, including XPB, XPD, XPF, XPG or ERCC1 [START_REF] Weeda | A presumed DNA helicase encoded by ERCC-3 is involved in the human repair disorders xeroderma pigmentosum and Cockayne's syndrome[END_REF][START_REF] Kashiyama | Malfunction of nuclease ERCC1-XPF results in diverse clinical manifestations and causes Cockayne syndrome, xeroderma pigmentosum, and Fanconi anemia[END_REF][START_REF] Lehmann | An unusual mutation in the XPG gene leads to an internal in-frame deletion and a XP/CS complex phenotype[END_REF][START_REF] Moriel-Carretero | A unified model for the molecular basis of Xeroderma pigmentosum-Cockayne Syndrome[END_REF]. The cases of XP/CS will not be further considered in my analyses.

CS proteins

Role in transcription-coupled nucleotide excision repair (TC-NER)

CSA and CSB were first characterized as DNA repair proteins, playing a role in TC-NER, the subpathway of NER that removes transcription-blocking DNA lesions from the transcribed strand of active genes [START_REF] Venema | The genetic defect in Cockayne syndrome is associated with a defect in repair of UVinduced DNA damage in transcriptionally active DNA[END_REF][START_REF] Tanaka | Genetic complementation groups in cockayne syndrome[END_REF]. The complementary NER subpathway, named global genome NER (GG-NER) removes helix-distorting DNA damage throughout the genome, independently from transcribed strands, and differs in the initial damage recognition step [START_REF] Fousteri | Transcription-coupled nucleotide excision repair in mammalian cells: Molecular mechanisms and biological effects[END_REF]. Helix-distorting lesions (such as those induced by UV and by some redox processes) in active genes can physically block or stall RNA polymerase II (RNA pol II) progression, which initiates TC-NER to rescue stalled RNA pol II (Fig. 4). CSA and CSB have different functions in this process. The role of CSA and CSB in TC-NER keeps being elucidated, and has been widely investigated in the field. I will mention below some key aspects, but I do not further focus on the role of CSA and CSB in TC-NER.

CSB dynamically interacts with the elongating RNA pol II under normal conditions, and, upon RNA pol II blockage, this interaction is stabilized [START_REF] Tantin | Recruitment of the putative transcription-repair coupling factor CSB/ERCC6 to RNA polymerase II elongation complexes[END_REF][START_REF] Fousteri | Cockayne syndrome A and B proteins differentially regulate recruitment of chromatin remodeling and repair factors to stalled RNA polymerase II in vivo[END_REF]. CSB then alters its conformation by wrapping DNA around itself, and, subsequently, recruits the histone acetyltransferase p300, the E3-ubiquitin ligase complex (composed of CSA, DDB1, Cullin 4A, and ROC1/Rbx1 proteins), and other NER factors (such as XPG, RPA and TFIIH) to RNA pol II arrest sites [START_REF] Fousteri | Cockayne syndrome A and B proteins differentially regulate recruitment of chromatin remodeling and repair factors to stalled RNA polymerase II in vivo[END_REF]. CSA is required for the recruitment of other proteins (such as HMGN1, XAB2, and TFIIS) to RNA pol II arrest sites [START_REF] Fousteri | Cockayne syndrome A and B proteins differentially regulate recruitment of chromatin remodeling and repair factors to stalled RNA polymerase II in vivo[END_REF]. The E3-ubiquitin ligase complex is responsible for the ubiquitination of CSB and RNAPII's largest subunit, RPB1. Recent studies have shown that the elongation factor ELOF1, that binds to the elongating RNA Pol II, is necessary to direct the catalytic region of the E3 ligase into close proximity of the specific ubiquitination site in RPB1(RPB1-K1268), acting as a specificity factor for the E3-ubiquitin ligase complex [START_REF] Geijer | Elongation factor ELOF1 drives transcription-coupled repair and prevents genome instability[END_REF][START_REF] Van Der Weegen | ELOF1 is a transcription-coupled DNA repair factor that directs RNA polymerase II ubiquitylation[END_REF]. Ubiquitination of RNA Pol II is necessary for the recruitment of specific TC-NER factors, including UVSSA [START_REF] Schwertman | UV-sensitive syndrome protein UVSSA recruits USP7 to regulate transcriptioncoupled repair[END_REF].

UVSSA, the other protein mutated in some UVSS cases, also participates in the TC-NER process by avoiding premature degradation of CSB. UVSSA binds firmly to stalled RNA pol II and recruits USP7, an enzyme that promotes deubiquitination of CSB [START_REF] Schwertman | UV-sensitive syndrome protein UVSSA recruits USP7 to regulate transcriptioncoupled repair[END_REF]). Thus, upon resolution of the DNA lesion, the deubiquitination of CSB mediated by USP7 is arrested, and CSB is targeted for degradation. In the absence of the CSA or CSB protein, the arrest of RNA pol II persists, which leads to p53 activation and cell death, thus explaining the extreme sensitivity of CS cells to UV damage [START_REF] Ljungman | Blockage of RNA polymerase as a possible trigger for u.v. light-induced apoptosis[END_REF].

Therefore, the role of the CSA and CSB proteins in TC-NER readily explains the defective recovery of RNA synthesis following UV irradiation in CS cells, that is used for diagnosis of this disease, and the photosensitivity of the patients. Cells from UVSS patients also display defective recovery of RNA synthesis, and consequently patients display photosensitivity.

However, UVSS patients do not display neurodegeneration and premature ageing, making it difficult to reconcile the TC-NER defect with many severe features of CS. Additionally, the brain and the nervous system, that are greatly affected in CS, are not exposed to sunlight. It was proposed that endogenous DNA damage (i.e. not UV-induced) in metabolically active cells like neurons blocks transcription, leading to apoptosis as this type of damage cannot be repaired in cells deficient in CSA or CSB [START_REF] Venema | The genetic defect in Cockayne syndrome is associated with a defect in repair of UVinduced DNA damage in transcriptionally active DNA[END_REF]). However, this should be also the case for UVSS patients that are deficient in TC-NER but do not display neurodegeneration, indicating a flaw in this explanation. Furthermore, patients with XPA mutations, a gene coding for a protein that is involved in both TC-NER and GG-NER, develop XP instead of CS [START_REF] Kraemer | Xeroderma pigmentosum, trichothiodystrophy and Cockayne syndrome: a complex genotype-phenotype relationship[END_REF]. In this context, the roles of CSA and CSB beyond TC-NER raise as possible players in the CS phenotype, except photosensitivity. Indeed, several recent findings indicate that CSA and CSB have a wide range of cellular functions that extend far beyond TC-NER.

Roles of CSA and CSB independently of TC-NER

Other DNA repair mechanisms CSA and CSB have been involved in other types of DNA repair than TC-NER. Both CSA and CSB proteins have been implicated in the removal of oxidized bases through base excision repair (BER) [START_REF] Khobta | Repair of oxidatively generated DNA damage in Cockayne syndrome[END_REF]. CSB has also a role in inter-strand crosslink repair [START_REF] Iyama | CSB interacts with SNM1A and promotes DNA interstrand crosslink processing[END_REF], and DNA double-strand break repair (Batenburg et al. 2015;[START_REF] Wei | DNA damage during the G0/G1 phase triggers RNA-templated, Cockayne syndrome B-dependent homologous recombination[END_REF]) (Fig. 4). Interestingly, a p.Trp361Cys missense alteration has been found in CSA that interferes with its role in TC-NER but not with the oxidative stress response and leads to a UVSS phenotype [START_REF] Nardo | A UV-sensitive syndrome patient with a specific CSA mutation reveals separable roles for CSA in response to UV and oxidative DNA damage[END_REF]. This observation strongly supports the notion that the CSA mutation affects additional functions of this protein beyond TC-NER, and suggests that these functions are related to the severity of the clinical features.

Transcription

There is a body of recent evidences supporting a role for CSA and CSB in the transcription process. CSB-deficient cells are unable to synthesize RNA after UV, including of undamaged templates [START_REF] Proietti-De-Santis | Cockayne syndrome B protein regulates the transcriptional program after UV irradiation[END_REF], demonstrating that these cells have a transcriptional defect beyond the TC-NER defect. CSB has been shown to interact with RNA pol II (which synthesizes mRNA) and the transcription elongation complex, resulting in a 3-fold stimulation of transcription elongation [START_REF] Tantin | Recruitment of the putative transcription-repair coupling factor CSB/ERCC6 to RNA polymerase II elongation complexes[END_REF]van Gool et al. 1997;Selby and Sancar 1997b). In addition to transcription elongation, CSB has been suggested to have a role in transcription initiation. Indeed, chromatin immunoprecipitation sequencing (ChIP-seq) using an anti-CSB antibody showed higher CSB occupancy at promoter and enhancer sites [START_REF] Lake | The sequence-specific transcription factor c-Jun targets Cockayne syndrome protein B to regulate transcription and chromatin structure[END_REF]). This study also showed that CSB is able to influence the expression of nearby genes [START_REF] Lake | The sequence-specific transcription factor c-Jun targets Cockayne syndrome protein B to regulate transcription and chromatin structure[END_REF].

CSB and CSA have been also implicated in RNA pol I driven transcription, which is dedicated to the synthesis of ribosomal RNA (rRNA) and accounts for up to 60% of total transcription in eukaryotic cells. CSB-deficient cells indeed showed 8-to 10-fold lower rates of rRNA synthesis compared to wild-type cells, and CSB was detected in a complex containing RNA pol I and the basal transcription factor TFIIH [START_REF] Bradsher | CSB is a component of RNA pol I transcription[END_REF]. Moreover, CSB is able to stimulate the transcription from a rDNA template [START_REF] Bradsher | CSB is a component of RNA pol I transcription[END_REF]. CSA has been shown to recruit CSB and TFIIH to the rDNA promoter and stimulate the re-initiation step of RNA polymerase I transcription [START_REF] Koch | Cockayne syndrome protein A is a transcription factor of RNA polymerase I and stimulates ribosomal biogenesis and growth[END_REF]. CSB can also promote resolution of complex G-quadruplex structures that interfere with transcription of ribosomal DNA (rDNA) via its helicase activity [START_REF] Scheibye-Knudsen | Cockayne syndrome group A and B proteins converge on transcription-linked resolution of non-B DNA[END_REF]. A recent study also reported that CSB interacts with Nucleolin (Ncl), a nucleolar protein that regulates rRNA synthesis and ribosome biogenesis, and CSA, as a part of the E3 ubiquitin ligase complex, induces ubiquitination of Ncl, which enhances the CSB/Ncl binding [START_REF] Okur | Cockayne syndrome group A and B proteins function in rRNA transcription through nucleolin regulation[END_REF]. Binding of CSB to Ncl also stimulates Ncl recruitment to rDNA and the loading of RNA pol I. Moreover, a recent study has shown that CSA and CSB are part of a chromatin-bound complex that also contains RNAP1, ribosomal protein (RP) 10, RP15, and ferrochelatase (FECH; a heme-synthase enzyme), and regulates rRNA synthesis and processing [START_REF] Lanzafame | Cockayne syndrome group A and ferrochelatase finely tune ribosomal gene transcription and its response to UV irradiation[END_REF]. The relevance of CSA and CSB in RNA pol I transcription is underscored by reports showing that ribosomal transcription defects are responsible for a loss of proteostasis in CS cells [START_REF] Alupei | Loss of Proteostasis Is a Pathomechanism in Cockayne Syndrome[END_REF][START_REF] Qiang | Cockayne Syndrome-Associated CSA and CSB Mutations Impair Ribosome Biogenesis, Ribosomal Protein Stability, and Global Protein Folding[END_REF]. In conclusion, CSA and CSB converge in promoting rRNA transcription, and CSB has been also implicated in mRNA synthesis. Some patients display a complex XP/CS phenotype that combines the defects of Xeroderma pigmentosum (XP), another TC-NER related disease characterized by extreme UVsensitivity, and CS. Proteins mutated in combined XP/CS have also been implicated in transcription, further suggesting that the severe phenotype in this complex disease is not only due to the DNA repair defect. XPD and XPB helicases are part of the TFIIH multiprotein complex that performs opening and unwinding of DNA in GG-NER and TC-NER, as well as RNA Pol I and RNA Pol II transcription initiation [START_REF] Fuss | XPB and XPD helicases in TFIIH orchestrate DNA duplex opening and damage verification to coordinate repair with transcription and cell cycle via CAK kinase[END_REF][START_REF] Hoogstraten | Versatile DNA damage detection by the global genome nucleotide excision repair protein XPC[END_REF]. In line with this notion, two mutations in the XPB gene that are associated with the XP/CS phenotype reduce transcriptional activity in vitro [START_REF] Coin | Mutations in XPB and XPD helicases found in xeroderma pigmentosum patients impair the transcription function of TFIIH[END_REF]. Moreover, XPB or XPD mutations associated with XP/CS were shown to abrogate the interactions between CSB, TFIIH, and RNA pol I [START_REF] Bradsher | CSB is a component of RNA pol I transcription[END_REF]. The XPG nuclease also associates with and stabilizes TFIIH, and mutations in the XPG gene related to a CS/XP-G phenotype have been shown to disrupt this interaction, and thereby affect transcription [START_REF] Ito | XPG stabilizes TFIIH, allowing transactivation of nuclear receptors: implications for Cockayne syndrome in XP-G/CS patients[END_REF][START_REF] Lehmann | An unusual mutation in the XPG gene leads to an internal in-frame deletion and a XP/CS complex phenotype[END_REF][START_REF] Narita | Regulation of Transcription Elongation by the XPG-TFIIH Complex Is Implicated in Cockayne Syndrome[END_REF].

Chromatin remodeling

CSB displays ATP-dependent chromatin remodeling activity in vitro, altering the nucleosome structure in an ATP-dependent manner [START_REF] Citterio | ATP-dependent chromatin remodeling by the Cockayne syndrome B DNA repair-transcription-coupling factor[END_REF]. The capacity of CSB to remodel the nucleosome structure has been postulated to be relevant for CSB functions in DNA repair and transcription. Moreover, it has been speculated that CSB may play a direct role in facilitating chromatin modification. CSB may make histones more accessible to modifying enzymes, perhaps by transiently moving nucleosomes or remodeling histone-histone or histone-DNA interactions. This function was supported by an expression microarray analysis that showed patterns of gene deregulation in CSB-deficient cells that resemble those induced by agents that disrupt chromatin structure or induce chromatin modification [START_REF] Newman | Cockayne syndrome group B protein (CSB) plays a general role in chromatin maintenance and remodeling[END_REF]. CSB might thus regulate the expression of certain genes by its chromatin remodeling activity, independently from the presence of DNA damage. Moreover, CSB has been implicated in maintenance of telomere length and integrity since CSB colocalizes with telomeres and CS cells have defects in telomere maintenance [START_REF] Berquist | Human Cockayne syndrome B protein reciprocally communicates with mitochondrial proteins and promotes transcriptional elongation[END_REF][START_REF] Batenburg | Cockayne Syndrome group B protein interacts with TRF2 and regulates telomere length and stability[END_REF].

p53 degradation

CSA and CSB promote the ubiquitination-dependent degradation of p53, a protein with a key role in genome stability [START_REF] Kastenhuber | Putting p53 in Context[END_REF], maintaining the cellular p53 within physiological levels. Upon cellular stress, this process re-equilibrates the physiological response in favor of cell proliferation and survival instead of cell cycle arrest and cell death.

Indeed, CSA and CSB physically interact with p53 in a complex that includes MDM2, a key posttranslational regulator of p53 and, consequently, CSA-and CSB-deficient cells have increased basal levels of p53 [START_REF] Latini | CSA and CSB proteins interact with p53 and regulate its Mdm2dependent ubiquitination[END_REF].

Cell division

Moreover, it has been recently demonstrated that CSA and CSB are part of an ubiquitinproteasome degradation complex that regulates cell division [START_REF] Paccosi | The Cockayne syndrome group A and B proteins are part of a ubiquitin-proteasome degradation complex regulating cell division[END_REF]. During this process, both CSA and CSB localize at the midbody, a transient structure located at the intercellular bridge, where they recruit a ubiquitination/proteasomal degradation complex for the degradation of Protein Regulator of Cytokinesis 1 (PRC1), a main component of the intercellular bridge, thereby allowing the separation of the daughter cells. CSA and CSB play distinct roles in PRC1 degradation: CSA is involved in the recruitment of MDM2, CUL4, and ubiquitin ligases to promote ubiquitination, whereas CSB contributes to the recruitment of the proteasome. Accordingly, the authors showed that CSA-CSB-deficient cells have increased cytokinesis failure, leading to a higher proportion of binucleated cells.

Role in mitochondria

Finally, multiple lines of evidence indicate that CSA and CSB localize also in mitochondria where they interact with mitochondrial DNA (mtDNA) and DNA repair proteins, and promote repair of oxidatively induced mtDNA damage [START_REF] Aamann | Cockayne syndrome group B protein promotes mitochondrial DNA stability by supporting the DNA repair association with the mitochondrial membrane[END_REF][START_REF] Kamenisch | Proteins of nucleotide and base excision repair pathways interact in mitochondria to protect from loss of subcutaneous fat, a hallmark of aging[END_REF]. CSB has been reported to physically interact with and modulate the DNA-binding activity of the mitochondrial transcription factor TFAM [START_REF] Aamann | Cockayne syndrome group B protein promotes mitochondrial DNA stability by supporting the DNA repair association with the mitochondrial membrane[END_REF][START_REF] Berquist | Human Cockayne syndrome B protein reciprocally communicates with mitochondrial proteins and promotes transcriptional elongation[END_REF]. More specifically, CSB directly removes TFAM from duplex DNA [START_REF] Berquist | Human Cockayne syndrome B protein reciprocally communicates with mitochondrial proteins and promotes transcriptional elongation[END_REF]. This CSB activity could affect several aspects of mitochondrial genome processing, including the modulation of mitochondrial genome packaging/nucleoid structure for mitochondrial DNA replication, transcription, and repair. Additional evidence of a role of CSB in mitochondrial transcription is shown by the fact that CSB can stimulate mitochondrial RNA polymerase (mtRNAP) elongation [START_REF] Berquist | Human Cockayne syndrome B protein reciprocally communicates with mitochondrial proteins and promotes transcriptional elongation[END_REF]. A role of CSA in the regulation of dynamin-related protein 1 (DRP1), a main regulator in mitochondrial fission process, has been suggested. CSA is an interacting partner of DRP1 and, when CSA is defective, DRP1 is hyperactivated, leading to excessive mitochondrial fission [START_REF] Pascucci | Overexpression of parkin rescues the defective mitochondrial phenotype and the increased apoptosis of Cockayne Syndrome A cells[END_REF]). Moreover, it has been recently shown that both CSA and DRP1 proteins translocate to mitochondria upon oxidative stress [START_REF] Pascucci | DRP1 Inhibition Rescues Mitochondrial Integrity and Excessive Apoptosis in CS-A Disease Cell Models[END_REF].

Given that CS patients with mutations in CSA or CSB may have similar clinical features, it is likely that the phenotypes are due to disruption of common functions of the two proteins in the cell. As described in this section, CSA and CSB were initially characterized by their function in TC-NER, however this decade of research has shed some light into the other roles of CSA and CSB, suggesting that the complex CS phenotype is far from being caused only by defects in DNA repair. Further research is needed to elucidate whether CSA and CSB play even further roles in the cell and whether all or part of these functions are relevant for the progeroid phenotype. Moreover, given that CSB and CSA participate in a wide range of cellular functions, the severe CS phenotype is possibly due to a combination of molecular defects. It is therefore important to understand the contribution of each function of the CS proteins to the clinical outcomes.

Possible role of CSB in cancer cells

Interestingly, it seems that CSB levels need to be tightly controlled in the cell. While CSB depletion can lead to precocious ageing and CSB polymorphism has been associated with longevity [START_REF] Savina | The Involvement of ERCC2/XPD and ERCC6/CSB Wild Type Alleles in Protection Against Aging and Cancer[END_REF], CSB overexpression has been linked to cancer. Notably, Caputo et al. have reported that CSB is overexpressed in cancer leading to tumor cell proliferation while inhibiting apoptosis [START_REF] Caputo | The CSB repair factor is overexpressed in cancer cells, increases apoptotic resistance, and promotes tumor growth[END_REF]. Indeed, this study showed that ablation of CSB in cancer cells has anticancer effects since it induces cell proliferation arrest and cell death via apoptosis. Moreover, CSB downregulation rendered cancer cells hypersensitive to anti-cancer chemotherapeutic agents. These findings are compatible with CS patients not being associated with a high cancer incidence despite their DNA repair deficiency [START_REF] Reid-Bayliss | Why Cockayne syndrome patients do not get cancer despite their DNA repair deficiency[END_REF].

Indeed, increased cancer risk is a feature of other DNA repair deficient syndromes [START_REF] Lehmann | DNA repair-deficient diseases, xeroderma pigmentosum, Cockayne syndrome and trichothiodystrophy[END_REF], like XP in which patients have a thousand-fold higher probability to develop cancer [START_REF] Bradford | Cancer and neurologic degeneration in xeroderma pigmentosum: long term follow-up characterises the role of DNA repair[END_REF]. The lack of carcinogenicity in CS patients remains an interesting and unresolved question.

Overview of the CSA and CSB proteins

The CSB is a protein composed of 1493 amino acids, with a molecular weight of 168 kDa, and is encoded by the excision repair cross-complementation group 6 (ERCC6) gene located in the chromosomal region 10q11 [START_REF] Troelstra | ERCC6, a member of a subfamily of putative helicases, is involved in Cockayne's syndrome and preferential repair of active genes[END_REF]. CSB belongs to the SWI2/SNF2-family of DNA-dependent ATPases and has no functional helicase activity demonstrated in vitro (Selby and Sancar 1997a). In contrast, as the other SWI2/SNF2 proteins, CSB possesses ATP-dependent chromatin remodeling activity, and is able, via ATP hydrolysis, to temporarily modify DNA conformation, thereby altering the DNA interaction with histones and nucleosome positioning [START_REF] Citterio | ATP-dependent chromatin remodeling by the Cockayne syndrome B DNA repair-transcription-coupling factor[END_REF][START_REF] Pazin | SWI2/SNF2 and related proteins: ATP-driven motors that disrupt protein-DNA interactions?[END_REF].

The CSB protein contains six major domains: an acidic domain, two nuclear localization signals (NLS), an helicase-like ATPase motifs region, a CSA-interaction motif (CIM), and an ubiquitin-binding domain (UBD) (Fig. 5). The acidic domain is located within amino acids (aa) 356-394 in the N-terminal region, has unknown function, and it is not necessary for TC-NER [START_REF] Brosh | The ATPase domain but not the acidic region of Cockayne syndrome group B gene product is essential for DNA repair[END_REF][START_REF] Troelstra | ERCC6, a member of a subfamily of putative helicases, is involved in Cockayne's syndrome and preferential repair of active genes[END_REF]. The two NLS are contained within 466-481 and 1038-1055 aa [START_REF] Troelstra | ERCC6, a member of a subfamily of putative helicases, is involved in Cockayne's syndrome and preferential repair of active genes[END_REF]). The helicase-like ATPase region is localized within aa 510 to 960, contains seven ATPase motifs: I, IA, II, III, IV, V, and VI, and is essential for CSB function [START_REF] Troelstra | ERCC6, a member of a subfamily of putative helicases, is involved in Cockayne's syndrome and preferential repair of active genes[END_REF][START_REF] Selzer | Differential requirement for the ATPase domain of the Cockayne syndrome group B gene in the processing of UV-induced DNA damage and 8-oxoguanine lesions in human cells[END_REF][START_REF] Brosh | The ATPase domain but not the acidic region of Cockayne syndrome group B gene product is essential for DNA repair[END_REF]. This region provides energy for the CSB association with chromatin to alter nucleosomes position [START_REF] Citterio | ATP-dependent chromatin remodeling by the Cockayne syndrome B DNA repair-transcription-coupling factor[END_REF], and thereby enabling DNA repair by allowing the access of other proteins to the site of stalled RNA pol II at DNA lesions [START_REF] Stadler | Regulation of DNA Repair Mechanisms: How the Chromatin Environment Regulates the DNA Damage Response[END_REF]. The C-terminal region of the CSB protein contains the CIM and UBD motifs comprising aa residues 1385-1399and 1400-1428, respectively (van der Weegen et al. 2020;;[START_REF] Anindya | A ubiquitin-binding domain in Cockayne syndrome B required for transcription-coupled nucleotide excision repair[END_REF]. CSB interacts with CSA through its CIM motif to recruit CSA to DNA damage-stalled RNA Pol II. The UBD motif has been proposed to be critical for CSB function in TC-NER as well as transcription [START_REF] Anindya | A ubiquitin-binding domain in Cockayne syndrome B required for transcription-coupled nucleotide excision repair[END_REF][START_REF] Epanchintsev | Cockayne's Syndrome A and B Proteins Regulate Transcription Arrest after Genotoxic Stress by Promoting ATF3 Degradation[END_REF].

CSA is a 44 kDa protein that contains 396 amino acids encoded by the excision repair cross-complementation group 8 (ERCC8) gene located in the chromosomal region 5q12.1 [START_REF] Henning | The Cockayne syndrome group A gene encodes a WD repeat protein that interacts with CSB protein and a subunit of RNA polymerase II TFIIH[END_REF]. CSA belongs to the WD-repeat family of proteins since it contains seven WD40 repeats in its structure [START_REF] Zhou | Predicted structures of two proteins involved in human diseases[END_REF]) (Fig. 5). WD40 repeats are structural motifs of approximately 40 amino acids that terminate with the tryptophan-aspartic acid (W-D) dipeptide and serve as a scaffold for protein interactions [START_REF] Neer | The ancient regulatoryprotein family of WD-repeat proteins[END_REF]. Proteins with WD40 repeats interact with other proteins, forming protein complexes and, although they do not have catalytic activity, are involved in different processes such as chromatin conformation and regulation of transcription [START_REF] Xu | Structure and function of WD40 domain proteins[END_REF].

Figure 5. Schematic representation of the CSB and CSA proteins.

Acidic region (A), nuclear localization signal (N), helicase motifs (I, IA -VI), CSA-interaction motif (CIM), and ubiquitin binding domain (U). WD represents structures of around 40-amino acids ending with the tryptophan-aspartic acid dipeptide (WD).

Phenotype-genotype correlations remain elusive in CS

A recent review summarized mutations reported in CS patients: 102 mutations in CSB (50 homozygous and 52 heterozygous), and 37 mutations in CSA (23 homozygous and 14 heterozygous) [START_REF] Vessoni | Cockayne syndrome: The many challenges and approaches to understand a multifaceted disease[END_REF], updating previous studies [START_REF] Laugel | Mutation update for the CSB/ERCC6 and CSA/ERCC8 genes involved in Cockayne syndrome[END_REF][START_REF] Calmels | DNA damage, essentially DSBs (double-strand breaks). Replicative senescent IMR-90 fibroblasts at PN35 were used as a positive control for y-H2AX and 53BP1 foci. n=90 cells from 3 independent experiments. Mean ± SEM; two-way ANOVA (y-H2AX: F=6.690, DFn=20[END_REF]. Therefore, around 70% of known CS cases harbor CSB mutations and 30% CSA mutations, as previously mentioned. Consistently in the literature, patients with CSA mutations prevalently display the CS type I clinical classification, whereas CS type II is generally associated with CSB mutations [START_REF] Laugel | Mutation update for the CSB/ERCC6 and CSA/ERCC8 genes involved in Cockayne syndrome[END_REF][START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF][START_REF] Vessoni | Cockayne syndrome: The many challenges and approaches to understand a multifaceted disease[END_REF].

To note, CSB mutations are also responsible for several cases of CS type I.

Most missense mutations are located within or very close to the WD domains in the CSA protein and the seven helicase domains in CSB, emphasizing the crucial roles for these domains in the function of the respective proteins. On the other hand, truncation mutations seem to be spread evenly across the proteins. For both CSA and CSB mutations, no clear correlations between the type of mutation or the affected region with the severity of CS have been reported to date [START_REF] Laugel | Mutation update for the CSB/ERCC6 and CSA/ERCC8 genes involved in Cockayne syndrome[END_REF][START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF][START_REF] Vessoni | Cockayne syndrome: The many challenges and approaches to understand a multifaceted disease[END_REF]. Nonetheless, some suggestions of correlations genotype-phenotype have been made. For instance, Calmels and collaborators suggested that the CSA mild phenotypes are more frequently associated with missense mutations than protein truncating mutations [START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF].

A larger number of analyses have been done for CSB mutations, as mutations in this protein are more frequent in CS and they are also associated with the most severe forms of the disease. Globally, genotype-phenotype analyses suggest that the presence of an abnormal or truncated CSB protein is equally detrimental than its absence (see below). Mutations close to the C terminal part of the CSB protein, resulting in a protein that contains all the ATP-ase domains, can lead to the very severe CS type II manifestation (e.g p.Arg1087X, p.Lys1239GlufsX2 [START_REF] Laugel | Mutation update for the CSB/ERCC6 and CSA/ERCC8 genes involved in Cockayne syndrome[END_REF][START_REF] Meira | Manitoba aboriginal kindred with original cerebro-oculo-facio-skeletal syndrome has a mutation in the Cockayne syndrome group B (CSB) gene[END_REF])) (Fig. 6). Strikingly, the homozygous p.Arg77X mutation, resulting in the total absence of functional CSB, leads to the non-progeroid UVSS instead of CS [START_REF] Horibata | Complete absence of Cockayne syndrome group B gene product gives rise to UV-sensitive syndrome but not Cockayne syndrome[END_REF]). Horibata hypothesized that a nonfunctional CSB protein resulting from early truncations is less detrimental than more downstream C-terminal truncations, since the latter generate an inactive protein that could interfere with other processes and lead to more severe phenotypes. However, later reports have found early homozygous CSB truncation mutations leading to CSI or CSII (e.g p.Leu72CysfsX12, p.Lys345AsnfsX24, respectively, [START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF][START_REF] Falik-Zaccai | Cockayne syndrome type II in a Druze isolate in Northern Israel in association with an insertion mutation in ERCC6[END_REF]). Since the parents of this UVSS patient were consanguineous, it is also possible that in this patient an independent suppressor mutation compensated for the CSB defect that leads to CS features [START_REF] Horibata | Complete absence of Cockayne syndrome group B gene product gives rise to UV-sensitive syndrome but not Cockayne syndrome[END_REF]).

Afterwards, it was discovered that the human CSB gene contains a PiggyBac transposon embedded in intron 5 [START_REF] Newman | An abundant evolutionarily conserved CSB-PiggyBac fusion protein expressed in Cockayne syndrome[END_REF]). As a result, full-length CSB is co-expressed with a CSB-PiggyBac fusion protein generated by alternative splicing. [START_REF] Newman | An abundant evolutionarily conserved CSB-PiggyBac fusion protein expressed in Cockayne syndrome[END_REF] refined the [START_REF] Horibata | Complete absence of Cockayne syndrome group B gene product gives rise to UV-sensitive syndrome but not Cockayne syndrome[END_REF] hypothesis and proposed that the CSB-PiggyBac fusion protein could have deleterious effects. Consequently, truncation mutations upstream of intron 5 (that generate neither proteins) would not result in CS, whereas truncations downstream of intron 5 (that generate only CSB-PiggyBac but not the native CSB) would cause CS. In their recent mutation analysis, [START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF] suggested a tendency to more severe CS phenotypes associated with truncations downstream intron 5. However, this correlation is not straightforward since patients with truncations upstream of intron 5 and a severe CS phenotype have been described.

Again, the lack of a robust genotype/phenotype correlation suggests that additional factors independent of the site of the mutation contribute to the severity of the CS phenotype.

Interestingly, not only different mutations result in different phenotypes, but the same mutation may also result in different clinical phenotypes. This analysis is necessarily limited because only a few cases of CS patients with the same mutation have been described. Nevertheless, I noticed that the homozygous mutations p.Trp517X and p.Gly715X can lead to either CSI or CSII manifestations (patients CS2TAN and CS4TAN/CS8TAN, respectively, for p.Trp517X, and patients CS23PV and 08STR1, respectively, for p.Gly715X) [START_REF] Mallery | Molecular analysis of mutations in the CSB (ERCC6) gene in patients with Cockayne syndrome[END_REF][START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF][START_REF] Laugel | Mutation update for the CSB/ERCC6 and CSA/ERCC8 genes involved in Cockayne syndrome[END_REF]. These observations suggest that the genetic background of the patients is possibly a key factor determining the phenotype of a specific mutation.

Therefore, the identified and emerging CSA and CSB functions, as well as and the poor correlation between CSA and CSB mutations and the clinical phenotype, make CS a rather complex and unresolved molecular puzzle. 

Models to study CS

Precocious ageing and neurodegeneration in CS have been refractory to experimentation in mouse models since these models fail to accurately mimic the CS disease manifestations reported in humans. Mice deficient for CSA or CSB (Csa -/-or Csb m/m ) have similar phenotypic characteristics and both do not display the dramatic growth retardation, neurodegeneration, and shortage of lifespan that are reported in humans. These mutant mice develop mild CS symptoms such as reduced subcutaneous and visceral fat that results in a slight reduction in body weight, and mild but characteristic nervous system degenerative changes, like ageing-like deafness and blindness [START_REF] Van Der Horst | Defective transcription-coupled repair in Cockayne syndrome B mice is associated with skin cancer predisposition[END_REF][START_REF] Van Der Horst | UVB radiation-induced cancer predisposition in Cockayne syndrome group A (Csa) mutant mice[END_REF][START_REF] Scheibye-Knudsen | Cockayne syndrome group B protein prevents the accumulation of damaged mitochondria by promoting mitochondrial autophagy[END_REF][START_REF] Gorgels | Retinal degeneration and ionizing radiation hypersensitivity in a mouse model for Cockayne syndrome[END_REF]. Also, differently from humans, Csa-and Csb-deficient mice show an increased susceptibility to skin cancer. Importantly, fibroblasts from these animals display high UV sensitivity, as shown by inability to resume RNA synthesis when exposed to increasing doses of UV, which reflects defective TC-NER [START_REF] Van Der Horst | Defective transcription-coupled repair in Cockayne syndrome B mice is associated with skin cancer predisposition[END_REF][START_REF] Van Der Horst | UVB radiation-induced cancer predisposition in Cockayne syndrome group A (Csa) mutant mice[END_REF]. Therefore, defective TC-NER in mice does not lead to a recapitulation of human CS defects. Combined Csa/Csb double mutant have the same phenotype as single mutants (de [START_REF] De Waard | Different effects of CSA and CSB deficiency on sensitivity to oxidative DNA damage[END_REF]. Neurodegenerative defects characteristic of CS patients become apparent in mouse models resulting from the crossing of Csa -/-or Csb m/m mice with mice carrying deficiencies in other NER proteins, such as those coded by Xpc -/-or Xpa -/-. Indeed, these mice display severe neurodegeneration (e.g. progressive signs of ataxia and motor dysfunction) and early death (within three weeks) [START_REF] Van Der Pluijm | Impaired genome maintenance suppresses the growth hormone--insulin-like growth factor 1 axis in mice with Cockayne syndrome[END_REF][START_REF] Laposa | Increased apoptosis, p53 up-regulation, and cerebellar neuronal degeneration in repair-deficient Cockayne syndrome mice[END_REF][START_REF] Brace | Lifespan extension by dietary intervention in a mouse model of Cockayne syndrome uncouples early postnatal development from segmental progeria[END_REF]. Of note, Xpc -/-or Xpa -/-single mutant mice have a mild phenotype with normal or near-normal life span, and a strongly increased risk to develop UV-induced skin cancer [START_REF] Melis | Mouse models for xeroderma pigmentosum group A and group C show divergent cancer phenotypes[END_REF][START_REF] Nakane | Impaired spermatogenesis and elevated spontaneous tumorigenesis in xeroderma pigmentosum group A gene (Xpa)-deficient mice[END_REF]. The mechanism behind the exacerbation of the CS phenotype by the double knockout of CS and XP genes in mice has yet to be elucidated.

Moreover, multisystem degenerative features, severe growth deficits, and short lifespan reminiscent of these double mutant mice can also be obtained by mutations Xpg or Ercc1 [START_REF] Weeda | Disruption of mouse ERCC1 results in a novel repair syndrome with growth failure, nuclear abnormalities and senescence[END_REF][START_REF] Harada | Postnatal growth failure, short life span, and early onset of cellular senescence and subsequent immortalization in mice lacking the xeroderma pigmentosum group G gene[END_REF][START_REF] Barnhoorn | Cellautonomous progeroid changes in conditional mouse models for repair endonuclease XPG deficiency[END_REF]. Interestingly, a novel conditional Xpg -/-mouse, in a C57BL6/FVB F1 hybrid genetic background, survives until 18 weeks [START_REF] Barnhoorn | Cellautonomous progeroid changes in conditional mouse models for repair endonuclease XPG deficiency[END_REF], instead of 3 weeks as usual Xpg -/-mice [START_REF] Harada | Postnatal growth failure, short life span, and early onset of cellular senescence and subsequent immortalization in mice lacking the xeroderma pigmentosum group G gene[END_REF][START_REF] Sun | Purkinje cell degeneration in mice lacking the xeroderma pigmentosum group G gene[END_REF]. This mouse shares some (but not all) characteristics of CS including reduced lifespan and several age-related deteriorations (e.g. osteoporosis and retinal photoreceptor loss).

However, this model is difficult to handle, as only the first generation (F1) survives 18 weeks to allow degeneration-related experiments. These data highlight the importance of the genetic background in mouse ageing/progeroid studies. More generally, a single mutation may be not informative since, as we have seen above, patients with the same CSB mutations may display different clinical outcomes.

In summary, studies on the molecular mechanisms of CS remain challenging in mouse models since mutations in CSA and CSB do not recapitulate the disease, and the models that display CS defects harbor mutations also in other genes, not resembling the genetics of most CS patients (mutated in CSA or CSB). These facts raise the question of whether CS defects in these mice and humans are due to the same molecular mechanisms, beyond of course UV-hypersensitivity that is common to all models. Exploring the differences in CSA and CSB functions between mice and human can help to elucidate the molecular mechanisms leading to the severe CS defects, but this analysis has not been readily done yet.

Finally, the first rat model of CS (Csb R571X ) was recently developed using CRISPR/Cas9mediated genome editing [START_REF] Xu | Rat Model of Cockayne Syndrome Neurological Disease[END_REF]. While the general behavior and appearance of the Csb R571X rats was reported as normal, they displayed several brain abnormalities such as cerebellar atrophy, thinning of the layers of the cerebellar cortex, and degeneration of Purkinje neurons, that were also recapitulated in some mouse models (such as Xpg -/-). Importantly, in addition to these defects, Csb R571X rats displayed myelination defects in the cerebellum that were reminiscent of the situation in CS patients. The rat models are indeed interesting although it has not been reported that they have a reduced lifespan. Moreover, they do not display other CS-specific defects like brain calcification, and for neurodegenerative studies the rodent brain remains quite less complex and differently composed than the human brain.

Other animal models of CS with lower complexity have also been developed such as Caenorhabditis elegans and zebrafish. C. elegans has several advantages as a model to study CS as well as ageing, such as their relatively short lifespan (2-3 weeks) [START_REF] Mack | The nematode Caenorhabditis elegans as a model for aging research[END_REF]. Moreover, adult C. elegans have several distinct tissue types that are relevant to study the CS disease (e.g. the muscular and neuronal tissue). The NER pathway is well conserved in C. elegans, and worms deficient in the CSA and CSB homologs, csa-1 and csb-1, have increased UV sensitivity [START_REF] Babu | A C. elegans homolog of the Cockayne syndrome complementation group A gene[END_REF][START_REF] Lee | The gene expression and deficiency phenotypes of Cockayne syndrome B protein in Caenorhabditis elegans[END_REF].

Csa-1 or csb-1 mutated nematodes show developmental growth retardation and reduced lifespan upon UV treatment [START_REF] Babu | A C. elegans homolog of the Cockayne syndrome complementation group A gene[END_REF][START_REF] Mueller | DAF-16/FOXO and EGL-27/GATA promote developmental growth in response to persistent somatic DNA damage[END_REF]).

Moreover, it was recently reported that csb-1 mutants display progressive functional loss of sensory neuronal function that is exacerbated upon UV irradiation [START_REF] Lopes | A C. elegans model for neurodegeneration in Cockayne syndrome[END_REF]). The neurological defects in these models, except perhaps locomotion, remain of low complexity, like altered response to chemiotaxis and touch sensitivity. CSB has been depleted in zebrafish at the larval stage using antisense morpholino oligonucleotides (MO), that are DNA analogs that bind to and thereby block the translational start site of mRNA transcripts. CSB depletion in zebrafish leads to a moderately increased frequency of morphologic aberrations, such as smaller heads and curved tails [START_REF] Wei | DNA damage during the G0/G1 phase triggers RNA-templated, Cockayne syndrome B-dependent homologous recombination[END_REF]. These morphologic defects could recapitulate some congenital and developmental manifestations in CS patients.

Given that the complex phenotype in CS patients is not completely mirrored in animals, and the clinical phenotype varies largely among patients, patient-derived in vitro systems become especially relevant to study CS. Primary patient-derived cells are a certainly valuable model to evaluate CS cellular and molecular defects, but they are difficult to obtain (through biopsies done for diagnostic purposes) and have limited proliferation span. In recent years, human induced pluripotent stem cells (iPSCs) have emerged as a promising model to overcome limitations of animal models in disease modeling [START_REF] Shi | Induced pluripotent stem cell technology: a decade of progress[END_REF]. iPSCs have capacity of selfrenewal and differentiation and can be directly derived from the patients' skin fibroblasts, blood cells, and other somatic cells. Notably, patient-derived iPSCs can provide unlimited diseaserelevant cell types, including those inaccessible from the patient. Taking advantage of this technology, Andrade et al. for the first time reprogrammed CS patient-derived fibroblasts into iPSC [START_REF] Andrade | Evidence for premature aging due to oxidative stress in iPSCs from Cockayne syndrome[END_REF]. Vessoni et al. also successfully generated iPSCs from CS fibroblasts and, importantly, were able to differentiate them into functional neurons [START_REF] Vessoni | Cockayne syndrome-derived neurons display reduced synapse density and altered neural network synchrony[END_REF].

Although these CS models can provide invaluable insights into the disease mechanism, they face the challenge of comparing defects in CS versus wild type controls that have a different background. Therefore, one may not disentangle defects due to the mutation per se from those that are exacerbates or alleviated in a given genetic background. This is especially relevant for the CS disease since, as previously discussed, the same mutation can lead to different phenotypes in different patients. Wang et al overcame this limitation by generating isogenic CS iPSCs using the CRISPR-Cas9 editing technology [START_REF] Wang | Rescue of premature aging defects in Cockayne syndrome stem cells by CRISPR/Cas9-mediated gene correction[END_REF], but primarily validated the system assessing the effects due to UV irradiation. This method provides an opportunity to assess how the different genetic background in patients interacts with a given pathological mutation.

A model for precocious ageing in CS

As we have seen in the previous sections, the photosensitivity observed in CS patients is explained by defective TC-NER but the most severe symptoms of the disease are hardly attributable to this function. Intriguingly, the clinical features of CS resemble those of mitochondrial diseases, that are characterized by ataxia, myopathy, seizures, hearing loss, neuropathy, failure to thrive and cerebellar atrophy, all manifestations found also in CS patients [START_REF] Scheibye-Knudsen | A High Fat Diet and NAD+ Rescue Premature Aging in Cockayne Syndrome[END_REF]. Moreover, progressive deterioration until a pathological state (i.e. a progressive disease), and tissue-specific manifestations are other key characteristics shared between CS and mitochondrial diseases [START_REF] Gorman | Mitochondrial diseases[END_REF]. Mitochondrial dysfunction could be responsible for the still unexplained large variability of clinical symptoms in CS (Laugel 2013). Indeed, the extent and the progression of the mitochondrial dysfunction in any given tissue at any given time could determine the specificity of the pathological state.

In agreement with this notion, the Mitodb bioinformatics tool that determines whether a disease clusters with known mitochondrial diseases, and therefore the probability that it is linked to mitochondrial dysfunction, shows that CS clusters tightly with mitochondrial diseases [START_REF] Scheibye-Knudsen | A novel diagnostic tool reveals mitochondrial pathology in human diseases and aging[END_REF].

Mitochondrial dysfunction has been reported in CS cells. Mitochondrial abnormalities include increased membrane potential, accumulation of damaged and fragmented mitochondria due to a defect in mitophagy, superoxide production, and increased oxygen consumption rates [START_REF] Pascucci | An altered redox balance mediates the hypersensitivity of Cockayne syndrome primary fibroblasts to oxidative stress[END_REF][START_REF] Pascucci | Overexpression of parkin rescues the defective mitochondrial phenotype and the increased apoptosis of Cockayne Syndrome A cells[END_REF][START_REF] Scheibye-Knudsen | Cockayne syndrome group B protein prevents the accumulation of damaged mitochondria by promoting mitochondrial autophagy[END_REF]. Moreover, a recent cross-species transcriptomic analysis showed that mitochondrial dysfunction is a common feature found in CS postmortem brain tissue, CS mice, and CS nematodes (Okur, Fang, et al. 2020b). In this context, the lab previously reported a pathway potentially linked to mitochondrial defects in CS cells (Chatre et al. 2015). This pathway is uncoupled from the DNA repair defect, and is absent in UVSS cells. More specifically, in CS cells oxidative and nitrosative stress promotes overexpression of the HTRA3 protease, which results in the degradation of the mitochondrial DNA polymerase-γ catalytic subunit (POLG1), which is responsible for replication of the organelle genome. This defect leads to an alteration in the mitochondrial DNA (mtDNA) content, and reduced oxidative phosphorylation (OXPHOS).

Importantly, scavenging oxidative/nitrosative species with the porphyrin derivative MnTBAP rescued the abovementioned molecular and mitochondrial defects in CS patient cells, with implications for a possible treatment for this disease. To date, supplementation of NAD + , a key metabolite for mitochondrial function that is reduced in CS cells, is proposed as a therapeutic strategy for CS [START_REF] Scheibye-Knudsen | A high-fat diet and NAD(+) activate Sirt1 to rescue premature aging in cockayne syndrome[END_REF] . According to this hypothesis, persistent DNA repair damage in CS cells leads to constitutive activation of poly-ADP ribose polymerase 1 (PARP1) that in turn depletes the cellular NAD + . It is also possible that alteration in NAD + levels have other causes than impaired DNA repair, and are rather linked to defective mitochondria.

Higher levels of oxidative stress (ROS, reactive oxygen species) in CS cells compared to controls had been previously reported [START_REF] Nogueira | Evidence for premature aging due to oxidative stress in iPSCs from Cockayne syndrome[END_REF][START_REF] Pascucci | An altered redox balance mediates the hypersensitivity of Cockayne syndrome primary fibroblasts to oxidative stress[END_REF][START_REF] Scheibye-Knudsen | Cockayne syndrome group B protein prevents the accumulation of damaged mitochondria by promoting mitochondrial autophagy[END_REF]. To note, UVSS patients that lack precocious ageing and neurodegeneration display low cellular sensitivity to oxidative stress compared to CS [START_REF] Nardo | A UV-sensitive syndrome patient with a specific CSA mutation reveals separable roles for CSA in response to UV and oxidative DNA damage[END_REF]). On the same line, cells from the milder form of CS (CS type III), display an intermediate sensitivity to oxidative stress, i.e. higher than healthy controls and lower than CS type I cells [START_REF] Hashimoto | Adult-onset neurological degeneration in a patient with Cockayne syndrome and a null mutation in the CSB gene[END_REF]. Our team demonstrated that cells from non-progeroid UVSS patients have much lower levels of ROS than progeroid CS patients, although they retain high levels of reactive nitrogen species (RNS) as in CS cells. RNS include peroxynitrite (ONOO -) and its reaction products. ONOO -is formed by the chemical interaction of nitric oxide (NO) with the ROS superoxide (O2 -) (Cortese- [START_REF] Koning | The Reactive Species Interactome: Evolutionary Emergence, Biological Significance, and Opportunities for Redox Metabolomics and Personalized Medicine[END_REF]. Likewise, ONOO -can react with other species to form additional RNS such as nitrogen dioxide (NO2) or dinitrogen trioxide (N2O3). Although many studies have addressed the role of ROS in ageing and ageing-related diseases, in most cases the contribution of RNS has been poorly investigated [START_REF] Crochemore | Reactive species in progeroid syndromes and ageing-related processes[END_REF]. This is in part due to the difficulty in assessing the role of RNS since there is a lack of scavenger drugs or endogenous detoxifying enzymes that selectively target RNS. We recently elaborated on these concepts in the review that can be found in Annex 2. It explores the impact of reactive species in precocious ageing syndromes and age-related degenerative processes [START_REF] Crochemore | Reactive species in progeroid syndromes and ageing-related processes[END_REF]. My contribution to this review focused on the impact of ROS and RNS in CS.

Previous findings from our team indicated that ROS/RNS imbalance is responsible for alterations specific to CS cells, and provided a possible therapeutic strategy for these defects (Chatre et al. 2015). However, several questions remain unanswered. First, what are the events leading to increased ROS/RNS in CS cells? Defective roles of CSA/CSB proteins not implying TC-NER seem to play a role, since TC-NER is defective also in UVSS and these cells do not show combined high ROS/RNS levels [START_REF] Nardo | A UV-sensitive syndrome patient with a specific CSA mutation reveals separable roles for CSA in response to UV and oxidative DNA damage[END_REF]Chatre et al. 2015). Second, how do high levels of oxidative and nitrosative stress trigger HTRA3 overexpression and thereby the cascade of events leading to mitochondrial dysfunction in CS? ROS have been demonstrated to play in shaping the epigenetic landscape of the genome [START_REF] Kietzmann | The epigenetic landscape related to reactive oxygen species formation in the cardiovascular system[END_REF]. We hypothesize that this could be also the case for triggering overexpression of HTRA3. In line with this notion, epigenetic modulation of HTRA3 expression by DNA methylation has been reported in some cancers [START_REF] Beleford | Methylation induced gene silencing of HtrA3 in smoking-related lung cancer[END_REF]. Fourth, is this CS deficient pathway recapitulated in regular ageing? We have recently linked this pathway to cellular senescence (Crochemore et al. 2019), and my contribution to this study is developed in chapter 3). Fifth, what is the mechanism by which HTRA3 overexpression results in POLG1 depletion? This question is relevant not only to understand what triggers POLG1 depletion in CS, but also to identify the regulation of POLG1 homeostasis in normal cells. To answer this question, the lab had carried out a mass spectrometry analysis of HTRA3 and POLG1 interactors (unpublished).

Based on these experiments, direct interaction between HTRA3 and POLG1 seemed excluded since HTRA3 was not found as a putative interactor of POLG1 and vice versa. Rather surprisingly, POLG1 mass spec showed a single protease interacting with POLG1, namely a member of the family of lysosomal cysteine proteases, Cathepsin B (CTSB). Additionally, results showed a common interactor of HTRA3 and POLG1, i.e. the small GTPase RAC1. I addressed this last question as one of the major investigations of my thesis, which will be discussed in detail in chapter 1. The following section describes the proteins important for the abovementioned model of precocious ageing in CS: POLG1, CTSB and RAC1, as well as the mechanism of mitochondrial proteostasis. processivity of the POLG1 polymerase by increasing the affinity of the catalytic subunit for DNA [START_REF] Lim | The mitochondrial p55 accessory subunit of human DNA polymerase gamma enhances DNA binding, promotes processive DNA synthesis, and confers N-ethylmaleimide resistance[END_REF]. As all mtDNA maintenance proteins, POLG1 and POLG2 are encoded by the nuclear genome (POLG and POLG2 genes, respectively) [START_REF] Ropp | Cloning and characterization of the human mitochondrial DNA polymerase, DNA polymerase gamma[END_REF] Mutations in POLG can cause a wide range of human disorders that range from prenatally-fatal conditions and severe infantile onset disorders, such as Alpers-Huttenlocher syndrome (AHS), to late-onset, milder conditions, such as progressive external ophthalmoplegia (Young and Copeland 2016). Although the symptoms and severity of POLG syndromes vary widely, they all seem to share common features: tissues with high energy requirements such as the muscle and nervous system are largely affected, they are all progressive conditions, and these diseases display a direct correlation between age of onset and the severity of the symptoms [START_REF] Farnum | Mapping 136 pathogenic mutations into functional modules in human DNA polymerase γ establishes predictive genotype-phenotype correlations for the complete spectrum of POLG syndromes[END_REF]. More than 300 POLG pathogenic mutations have been reported, and they have been shown to lead to mtDNA depletion and/or accumulation of multiple mtDNA mutations and deletions [START_REF] Rahman | POLG-related disorders and their neurological manifestations[END_REF]. Genotype-phenotype correlations are not evident for POLG mutations: the same mutation can often lead to mtDNA depletion or mtDNA mutations and deletions, or both, making phenotype of a given POLG mutation difficult to predict [START_REF] Rahman | POLG-related disorders and their neurological manifestations[END_REF].

Interestingly, alterations in POLG1 proof-reading activity have been associated with precocious ageing. Mice with mutations that disrupt the exonuclease function of POLG1 accumulate mtDNA mutations and deletions, and show signs of premature ageing. These signs appear between 6 and 9 months of age, and are characterized by loss of hair and hearing, greying hair, curvature of the spine, enlarged hearts, decreased body weight, bone density and a truncated lifespan of approximately 12 months of age [START_REF] Trifunovic | Premature ageing in mice expressing defective mitochondrial DNA polymerase[END_REF][START_REF] Kujoth | Mitochondrial DNA mutations, oxidative stress, and apoptosis in mammalian aging[END_REF][START_REF] Vermulst | DNA deletions and clonal mutations drive premature aging in mitochondrial mutator mice[END_REF].

Moreover, an inducible mouse expressing a dominant-negative mutation in the polymerase domain of POLG1 has recently been reported [START_REF] Singh | Reversing wrinkled skin and hair loss in mice by restoring mitochondrial function[END_REF]). This mouse model, regulated by doxycycline administration, shows depletion of mtDNA in the whole animal and has been named the mtDNA-depleter mouse. It also shows accelerated ageing, including weight loss, curvature of the spine, wrinkles, and hair loss. Moreover, doxycycline withdrawal, which turns off the expression of the mutant POLG transgene, restores the mitochondrial function and reverses the ageing phenotype in mtDNA-depleter mice. These results are in line with studies showing a substantial age-related decline in the mtDNA content (Lee et al. 2010;[START_REF] Mengel-From | Mitochondrial DNA copy number in peripheral blood cells declines with age and is associated with general health among elderly[END_REF][START_REF] Ding | Assessing Mitochondrial DNA Variation and Copy Number in Lymphocytes of ~2,000 Sardinians Using Tailored Sequencing Analysis Tools[END_REF], which has been associated with age-related physiological parameters (Zhang et al. 2017). This mouse model reveals that impairment not only of the 3-5' exonuclease but also the polymerase domain of POLG1 promotes the ageing phenotype and age-related dysfunctions. However, it is not known, whether reduced levels of the native protein correlate with ageing or a pathological condition, except the study on CS (Chatre et al. 2015), suggesting that further investigations should address this question.

HTRA3

Human HtrA3 is a member of the HtrA family of ATP-independent serine proteases, which are well conserved in evolution and whose primary function is to maintain protein quality control, degrading proteins with aberrant structure, and also specific native proteins. The HtrA proteases family was originally identified in Escherichia coli by null mutants that either did not grow at elevated temperature (HtrA for High temperature requirement) [START_REF] Lipinska | Sequence analysis and regulation of the htrA gene of Escherichia coli: a sigma 32-independent mechanism of heat-inducible transcription[END_REF] or failed to degrade misfolded proteins (DegP) [START_REF] Strauch | An Escherichia coli mutation preventing degradation of abnormal periplasmic proteins[END_REF]. Subsequently, homologues of HtrA proteins in E.coli (DegP, and DegQ and DegS identified later) have been described in a variety of species, including Gram-negative and Grampositive bacteria, plants, and mammals [START_REF] Clausen | HTRA proteases: regulated proteolysis in protein quality control[END_REF]. Prokaryotic HtrAs have an essential role in bacterial stress resistance since they can degrade and refold misfolded cellular proteins as they combine protease and chaperone activities [START_REF] Zhang | Degp degrades a wide range of substrate proteins in Escherichia coli under stress conditions[END_REF][START_REF] Zarzecka | Chaperone activity of serine protease HtrA of Helicobacter pylori as a crucial survival factor under stress conditions[END_REF]. For example, in Helicobacter pylori, HtrA is crucial for the adaptation to the harsh environmental conditions in the human stomach [START_REF] Zarzecka | Properties of the HtrA Protease From Bacterium Helicobacter pylori Whose Activity Is Indispensable for Growth Under Stress Conditions[END_REF].

In humans, four HtrAs have been identified: HTRA1, HTRA2/Omi, HTRA3 and HTRA4 [START_REF] Clausen | HTRA proteases: regulated proteolysis in protein quality control[END_REF]. While HTRA1 and HTRA2 have been extensively studied, HTRA3 and HTRA4 have been less characterized. HTRA3 was initially identified in the developing placenta as a serine protease associated with pregnancy (Nie, Li, et al. 2003), and it was later involved in embryo implantation and development of placenta [START_REF] Fantone | HTRA family proteins in pregnancy outcome[END_REF]), TGFβ signaling [START_REF] Tocharus | Developmentally regulated expression of mouse HtrA3 and its role as an inhibitor of TGF-beta signaling[END_REF], extracellular matrix modification [START_REF] Ji | HTRA3 Is a Prognostic Biomarker and Associated With Immune Infiltrates in Gastric Cancer[END_REF], and apoptosis (Beleford, Rattan, et al. 2010). Importantly, as previously shown for other members of the HtrA family, including bacterial DegP and human HTRA2 [START_REF] Chang | The function of the DegP (HtrA) protein: Protease versus chaperone[END_REF]Kooistra et al. 2009), a chaperone-like activity for HTRA3 has been recently reported [START_REF] Wenta | HtrA3 is a cellular partner of cytoskeleton proteins and TCP1α chaperonin[END_REF]. This activity has been suggested to play a role in cytoskeleton dynamics [START_REF] Wenta | HtrA3 is a cellular partner of cytoskeleton proteins and TCP1α chaperonin[END_REF]. HTRA3 seems to be necessary for the maintenance of normal cellular physiology since dysregulation of HTRA3 has been observed in a number of diseases including cancer [START_REF] Narkiewicz | Expression of human HtrA1, HtrA2, HtrA3 and TGF-beta1 genes in primary endometrial cancer[END_REF][START_REF] Beleford | Methylation induced gene silencing of HtrA3 in smoking-related lung cancer[END_REF]Beleford, Rattan, et al. 2010), and preeclampsia [START_REF] Li | Placental HtrA3 is regulated by oxygen tension and serum levels are altered during early pregnancy in women destined to develop preeclampsia[END_REF].

HTRA3 is unique among the human HtrA family since it has two isoforms: a long, 49 kDa and a short, 36 kDa, form named HTRA3L and HTRA3S, respectively (Fig. 8) [START_REF] Nie | Identification and cloning of two isoforms of human high-temperature requirement factor A3 (HtrA3), characterization of its genomic structure and comparison of its tissue distribution with HtrA1 and HtrA2[END_REF]. These two isoforms, produced through alternative splicing, can coexist in the cell or only one of them can be present, depending on the tissue type. [START_REF] Narkiewicz | Expression of human HtrA1, HtrA2, HtrA3 and TGF-beta1 genes in primary endometrial cancer[END_REF][START_REF] Narkiewicz | Changes in mRNA and protein levels of human HtrA1, HtrA2 and HtrA3 in ovarian cancer[END_REF][START_REF] Zurawa-Janicka | Bis-Tris Gel, Thermo-Fisher Scientific) and transferred on a nitrocellulose transfer membrane (Bio-Rad). The membrane was then blocked with 5% BSA in phosphate buffer saline (PBS)-0.1% Tween20 (Sigma-Aldrich, P1379) for 1 h at RT and probed with specific primary antibodies (α-HTRA3 (1:1000, Sigma-Aldrich, HPA021187), α-HTRA2 (1:500, Sigma-Aldrich, HPA027366), α-POLG1 (1:1000, Santa Cruz Biotechnology, sc-48815), α-CSB (1:2000, Bethyl, A301-345A)[END_REF]) So far, a functional difference between the HTRA3L and HtrA3S forms has not been identified.

From the N-terminus, HTRA3L is composed of a signal secretory peptide (SP), a domain with homology to the insulin-like growth factor binding proteins (IGFBD), a Kazal-type inhibitor motif (KI), a serine protease domain PD with the catalytic triad composed of His191, Asp227 and Ser305, and one C-terminal PDZ domain, that mediates protein-protein interaction. KI domains are tight binding inhibitors of serine proteases [START_REF] Lu | Predicting the reactivity of proteins from their sequence alone: Kazal family of protein inhibitors of serine proteinases[END_REF]. The IGFBD and KI motifs are termed Mac25 domain since they share homology with the Mac25 protein, a secreted protein that binds insulin-like growth factors [START_REF] Nie | Identification and cloning of two isoforms of human high-temperature requirement factor A3 (HtrA3), characterization of its genomic structure and comparison of its tissue distribution with HtrA1 and HtrA2[END_REF]. In contrast to HtrA3L, HtrA3S lacks the PDZ domain and has a stretch of seven amino acids (APSLAVH) at the Cterminus that differ from the corresponding amino acids of HtrA3L (DWKKRFI) [START_REF] Nie | Identification and cloning of two isoforms of human high-temperature requirement factor A3 (HtrA3), characterization of its genomic structure and comparison of its tissue distribution with HtrA1 and HtrA2[END_REF]. The PDZ domain is not essential for the protease activity since proteolytic activity of HTRA3L and HTRA3S has been shown to be similar (Singh et al. 2012;[START_REF] Glaza | Structural and Functional Analysis of Human HtrA3 Protease and Its Subdomains[END_REF], and HTRA3L retained the same activity after removal of the PDZ domain [START_REF] Glaza | Structural and Functional Analysis of Human HtrA3 Protease and Its Subdomains[END_REF]. Moreover, the HTRA3 N-terminal domain containing the IGFBP and KI motifs is not required for the protease activity and its removal rather increases this activity [START_REF] Tocharus | Developmentally regulated expression of mouse HtrA3 and its role as an inhibitor of TGF-beta signaling[END_REF]. It is known that upon induction of apoptosis, the two forms of HTRA3 undergo autocleavage of the N-terminal Mac25 domain (Beleford, Rattan, et al. 2010). HTRA3 may be localized extracellularly owing to the signal peptide [START_REF] Nie | Identification and cloning of two isoforms of human high-temperature requirement factor A3 (HtrA3), characterization of its genomic structure and comparison of its tissue distribution with HtrA1 and HtrA2[END_REF], and also intracellularly, in the cytoplasm and mitochondria [START_REF] Tocharus | Developmentally regulated expression of mouse HtrA3 and its role as an inhibitor of TGF-beta signaling[END_REF]Beleford, Rattan, et al. 2010). serves as a potent reversible auto-inhibitor, preventing inappropriate activation of catalytically functional CTSB [START_REF] Braulke | Sorting of lysosomal proteins[END_REF][START_REF] Stoka | Lysosomal cathepsins and their regulation in aging and neurodegeneration[END_REF]. ProCTSB is then glycosylated with oligosaccharides containing mannose residues within the RER. For the further targeting of the protein to lysosomes, the mannose residues are phosphorylated to mannose-6-phosphate in the trans-Golgi network (TGN), which ensures the transport to the endosomal/lysosomal system. Subsequently, proCtSB is transported to the endosomal/lysosomal compartment by the mannose-6-phosphate receptor (M6PR) pathway.

Once in the endosomal/lysosomal compartment, proCTSB can undergo autocatalytic activation since the acidic pH enables the cleavage of propeptide by the catalytic site of the enzyme (Ishidoh and Kominami 2002). Alternatively, proCTSB can be activated through proteolytic processing by other protease such as cathepsin D (van der [START_REF] Van Der Stappen | Activation of cathepsin B, secreted by a colorectal cancer cell line requires low pH and is mediated by cathepsin D[END_REF]) and cathepsin G [START_REF] Kobayashi | Cathepsin B efficiently activates the soluble and the tumor cell receptor-bound form of the proenzyme urokinase-type plasminogen activator (Pro-uPA)[END_REF].

The removal of the propeptide generates a 31 kDa mature single-chain form of CTSB. This mature form is enzymatically active and can be further processed by a proteolytic cleavage between residues 47 and 50, generating a heavy chain (26 kDa) and a light chain (5 kDa) (Fig. 9). The heavy and light chains are linked together by a cysteine-cysteine bond, forming a double chain form (Katunuma 2010). Therefore, mature CTSB can exist in a single chain or a double chain form, which have been reported to have similar activities (Mason 1986[START_REF] Mason | Interaction of lysosomal cysteine proteinases with alpha 2macroglobulin: conclusive evidence for the endopeptidase activities of cathepsins B and H[END_REF].

Mature CTSB normally functions within the acidic pH inside lysosomes. Nevertheless, significant CTSB activity occurs at the neutral pH of the cytosol and other cellular compartments as well as in the extracellular space, where CTSB participates in various cellular processes including cancer metastasis, myoblast differentiation, inflammation, IL-1β production, and cell death [START_REF] Roshy | Pericellular cathepsin B and malignant progression[END_REF][START_REF] Jane | Evidence for the involvement of cathepsin B in skeletal myoblast differentiation[END_REF][START_REF] Foghsgaard | Cathepsin B mediates tumor necrosis factor-induced arachidonic acid release in tumor cells[END_REF][START_REF] Hentze | Critical role for cathepsin B in mediating caspase-1-dependent interleukin-18 maturation and caspase-1-independent necrosis triggered by the microbial toxin nigericin[END_REF]. Moreover, a splicing variant of CTSB that lacks exons 2 and 3, CTSB (-2,-3) encodes a truncated form of the enzyme that lacks the signal peptide and part of the inhibitory propeptide, and is targeted to mitochondria (Müntener et al. 2003;Müntener et al. 2004;Baici et al. 2006). Mitochondrial targeting of this truncated CTSB is probably due to translation from a second in-frame start codon present in exon 4 that results in a new N-terminal leader sequence characteristic of proteins imported into the mitochondrial matrix. Inside mitochondria, this truncated and enzymatically inactive CTSB has been proposed to provoke a cascade of events that results in cell death. (-2,-3). Adapted from [START_REF] Manchanda | Physiological and Pathological Functions of Cysteine Cathepsins[END_REF]. Created with BioRender.com.

RAC1

Ras-related C3 botulinum toxin substrate 1 (RAC1) belongs to the RHO family of small GTPases, which also includes two other RAC isoforms (RAC2 and RAC2) and CDC42 and RHO subgroups [START_REF] Sorokina | Rho-GTPases: New members, new pathways[END_REF]. RAC1 is one of the best-characterized proteins in this family, and as all small GTPases, it can act as a "molecular switch" by cycling between inactive (GDP-bound) and active (GTP-bound) forms [START_REF] Haga | Rho GTPases: Regulation and roles in cancer cell biology[END_REF]. RAC1 is ubiquitously expressed and its downstream effectors play key roles in a large variety of cellular functions, including proliferation, differentiation, survival, actin dynamics, apical-basal polarity, ROS production, and inflammatory responses (Payapilly and Malliri 2018). Therefore, unbalanced RAC1 expression or activation patterns may can cause abnormal cell signaling, leading to diseases such as cancer [START_REF] Liang | Rac1, A Potential Target for Tumor Therapy[END_REF]. RAC1 signaling activity is tightly regulated. Indeed, the activation of the RHO-GTPase is favored by guanine nucleotide exchange factors (GEFs), which stimulates the replacement of GDP with GTP. The inactive state of the protein is maintained by the guanine nucleotide dissociation inhibitor (GDIs) and GTPase activating protein (GAPs) [START_REF] Cherfils | Regulation of small GTPases by GEFs, GAPs, and GDIs[END_REF].

The regulation of RAC1 activity is not limited to its active and inactive state, but it extends to the distribution of the protein in multiple subcellular locations where it interacts with different effectors (Payapilly and Malliri 2018). Therefore, different pools of RAC1 can orchestrate different cellular processes within the same cell. RAC1 can be targeted to the plasma membrane where it regulates different processes such as and E-cadherin-mediated cell-to-cell contacts [START_REF] Braga | The small GTPases Rho and Rac are required for the establishment of cadherin-dependent cell-cell contacts[END_REF], phagocytosis via NADPH activation and superoxide production [START_REF] Abo | Activation of the NADPH oxidase involves the small GTP-binding protein p21rac1[END_REF], lamellipodia formation and membrane ruffling [START_REF] Ridley | The small GTP-binding protein rac regulates growth factor-induced membrane ruffling[END_REF][START_REF] Nobes | Rho, Rac, and Cdc42 GTPases regulate the assembly of multimolecular focal complexes associated with actin stress fibers, lamellipodia, and filopodia[END_REF] and focal contact formation [START_REF] Nobes | Rho, Rac, and Cdc42 GTPases regulate the assembly of multimolecular focal complexes associated with actin stress fibers, lamellipodia, and filopodia[END_REF]. In the nucleus RAC1 regulates centrosome separation and mitotic entry [START_REF] May | Rac1-dependent recruitment of PAK2 to G2 phase centrosomes and their roles in the regulation of mitotic entry[END_REF], and interacts with transcription factors such as NF-kB and STAT3 [START_REF] Simon | Regulation of STAT3 by direct binding to the Rac1 GTPase[END_REF][START_REF] Yao | Breast cancer-associated gene 3 interacts with Rac1 and augments NF-κB signaling in vitro, but has no effect on RANKL-induced bone resorption in vivo[END_REF].

RAC1 mitochondrial localization is one of the most recently discovered subcellular localization of the protein. In mitochondria, RAC1 interacts with the anti-apoptotic protein BCL2, stabilizing the BCL2-mediated superoxide production required to maintain a mild prooxidant intracellular milieu [START_REF] Velaithan | The small GTPase Rac1 is a novel binding partner of Bcl-2 and stabilizes its antiapoptotic activity The small GTPase Rac1 is a novel binding partner of Bcl-2 and stabilizes its antiapoptotic activity[END_REF]. Depending on the cell type and environmental conditions, superoxide production mediated by RAC1 in mitochondria can be either cytoprotective or cytotoxic. For example, inhibition of the BCL2-RAC1 interaction sensitized lymphoma cells to apoptosis [START_REF] Velaithan | The small GTPase Rac1 is a novel binding partner of Bcl-2 and stabilizes its antiapoptotic activity The small GTPase Rac1 is a novel binding partner of Bcl-2 and stabilizes its antiapoptotic activity[END_REF] but had a protective effect in neurotoxicity induced by high glucose in PC-12 cells as well as an in vivo cerebral ischemic reperfusion injury rat model [START_REF] Pan | Inhibition of Rac1 ameliorates neuronal oxidative stress damage via reducing Bcl-2/Rac1 complex formation in mitochondria through PI3K/Akt/mTOR pathway[END_REF]). Moreover, RAC1 has been shown to contribute to the development of pulmonary fibrosis that occurs due to increased H2O2 generation in alveolar macrophages that is dependent on the direct transfer of an electron from cytochrome c to a cysteine residue on RAC1 (Osborn-Heaford et al. 2012).

Mitochondrial proteostasis: mitoproteases

Mitochondria are essential eukaryotic organelles that play crucial functions in the cell, including energy conversion, biosynthesis of amino acids and lipids, synthesis of iron-sulfur clusters, and regulation of apoptosis [START_REF] Mcbride | Mitochondria: More Than Just a Powerhouse[END_REF]. To fulfil these multiple functions, they contain more than 1,200 proteins that are coded by the nuclear and mitochondrial genomes and, which composition can vary considerably to allow the adaptation of the mitochondrial function to cellular requirements. Multiple quality control systems monitor the mitochondrial proteome that include the control of protein entry into mitochondria, the adaptation of mitochondrial protein production and the proteolysis of mitochondrial proteins (Song, Herrmann, and Becker 2021). Mitoproteases comprise more than 45 proteases that reside in different compartments of mitochondria and that are located exclusively in the organelle or that are able to shuttle between the cytosol and mitochondria [START_REF] Quirós | New roles for mitochondrial proteases in health, ageing and disease[END_REF].

Mitoproteases process proteins that have been imported into mitochondria, degrade misfolded or damaged proteins, regulate the half-lives of short-lived proteins and degrade native proteins to adapt mitochondrial function. I focus here on proteases acting in the mitochondrial matrix. Key examples of mitoproteases that participate in the selective degradation of short-lived or native proteins in the mitochondrial matrix are ClpXP and LONP1 proteases, that belong to the ATPase family associated with various cellular activities (AAA) (Bar-Nun and Glickman 2012). In particular, ClpXP is a two-component protease complex consisting of the chaperone ClpX and the serine protease ClpP [START_REF] Gatsogiannis | Cryo-EM structure of the ClpXP protein degradation machinery[END_REF] (Fig. 10). ClpX recognizes, unfolds, and delivers substrates into the catalytic chamber of ClpP in an ATP-dependent manner. In contrast, the proteolysis of substrates by ClpP is independent of ATP hydrolysis. ClpXP regulates the assembly of mitoribosomes by degrading a key protein in this process, ERAL1 [START_REF] Dennerlein | Human ERAL1 is a mitochondrial RNA chaperone involved in the assembly of the 28S small mitochondrial ribosomal subunit[END_REF]. LONP1 is an ATP-dependent serine protease that also displays chaperone activity as well as mtDNA-binding activity [START_REF] Pinti | Emerging role of Lon protease as a master regulator of mitochondrial functions[END_REF] (Fig. 10). LONP1 controls the turnover of mitochondrial transcription factor A (TFAM), thereby modulating the copy number of mitochondrial DNA. Moreover, under specific stress conditions LONP1 degrades subunits of the respiratory complex IV, and cooperates with CLPXP in the degradation of complex I subunits [START_REF] Sepuri | Mitochondrial LON protease-dependent degradation of cytochrome c oxidase subunits under hypoxia and myocardial ischemia[END_REF][START_REF] Pryde | A LON-ClpP Proteolytic Axis Degrades Complex I to Extinguish ROS Production in Depolarized Mitochondria[END_REF]. LONP1 chaperone-like functions have been involved in the assembly of OXPHOS complexes, independently of its protease activity. This is based on the observation that the loss of LONP1 results in reduced levels of assembled OXPHOS complexes, and this defect is rescued by a LONP1 protease-deficient mutant [START_REF] Rep | Promotion of mitochondrial membrane complex assembly by a proteolytically inactive yeast Lon[END_REF][START_REF] Hori | Transmission of cell stress from endoplasmic reticulum to mitochondria: enhanced expression of Lon protease[END_REF]. However, the panel of specific targets of the chaperone activity of LONP1 is largely unknown.

Cellular senescence

Characteristics of cellular senescence

Cellular senescence, derived from the latin word senex meaning ''old', can be defined as a highly stable cell cycle arrest that is elicited in response to different stresses and is associated with significant morphological and physiological changes [START_REF] Kuilman | The essence of senescence[END_REF]. Described for the first time as an irreversible exit from the cell cycle in 1961 by Hayflick and colleagues (Hayflick and Moorhead 1961;[START_REF] Hayflick | The limited in vitro lifetime of human diploid cell strains[END_REF], after discovering that somatic cells stop proliferating after a specified number of divisions in culture, this definition has been enriched and complexified, and is in constant evolution.

Accumulating evidences during the past decade demonstrate that senescence has beneficial as well as detrimental roles. Indeed, senescence can act as a protective stress response, serving as an anti-cancer barrier, limiting the replication of preneoplastic cells [START_REF] Collado | Senescence in tumours: evidence from mice and humans[END_REF]. Moreover, senescence plays a physiological role in development [START_REF] Storer | Senescence is a developmental mechanism that contributes to embryonic growth and patterning[END_REF][START_REF] Muñoz-Espín | Programmed cell senescence during mammalian embryonic development[END_REF], where it is necessary for tissue remodeling (Le Roux et al. 2015), and promotes cell plasticity [START_REF] Chiche | Injury-Induced Senescence Enables In Vivo Reprogramming in Skeletal Muscle[END_REF]. For example, transient induction of senescent cells contributes to wound healing resolution [START_REF] Jun | The matricellular protein CCN1 induces fibroblast senescence and restricts fibrosis in cutaneous wound healing[END_REF][START_REF] Demaria | An essential role for senescent cells in optimal wound healing through secretion of PDGF-AA[END_REF], and injury-induced senescence promotes cellular reprogramming in the skeletal muscle [START_REF] Chiche | Injury-Induced Senescence Enables In Vivo Reprogramming in Skeletal Muscle[END_REF] Importantly, there is increasing evidence that accumulation of senescent cells in tissues plays a causal role in ageing and age-related diseases (van Deursen 2014; [START_REF] Childs | Cellular senescence in aging and age-related disease: from mechanisms to therapy[END_REF].

Senescent cells accumulate with ageing in multiple human, mice, and monkeys tissues [START_REF] Krishnamurthy | Ink4a/Arf expression is a biomarker of aging[END_REF][START_REF] Jeyapalan | Accumulation of senescent cells in mitotic tissue of aging primates[END_REF][START_REF] Waaijer | The number of p16INK4a positive cells in human skin reflects biological age[END_REF], which negatively impacts on tissue homeostasis and regeneration, thereby promoting ageing [START_REF] Baker | BubR1 insufficiency causes early onset of aging-associated phenotypes and infertility in mice[END_REF][START_REF] Baker | Naturally occurring p16Ink4a-positive cells shorten healthy lifespan[END_REF][START_REF] Tchkonia | Cellular senescence and the senescent secretory phenotype: therapeutic opportunities[END_REF]. Transplantation of senescent cells to young mice is sufficient to induce a persistent physical dysfunction, shortening health-and lifespan [START_REF] Xu | Senolytics improve physical function and increase lifespan in old age[END_REF]. In agreement with this notion, clearance of senescent cells in wild-type (WT) and progeroid Ercc1 -/∆ or BubR1 H/H mice postponed the onset of age-related diseases, and extended healthy lifespan [START_REF] Zhu | The Achilles' heel of senescent cells: from transcriptome to senolytic drugs[END_REF][START_REF] Zhu | Identification of a novel senolytic agent, navitoclax, targeting the Bcl-2 family of anti-apoptotic factors[END_REF][START_REF] Baker | Naturally occurring p16Ink4a-positive cells shorten healthy lifespan[END_REF][START_REF] Chang | Clearance of senescent cells by ABT263 rejuvenates aged hematopoietic stem cells in mice[END_REF]). The removal of senescent cells in disease mouse models has uncovered the damaging effects of senescent-cell accumulation in many diseases, such as Alzheimer's disease [START_REF] Musi | Tau protein aggregation is associated with cellular senescence in the brain[END_REF][START_REF] Bussian | Clearance of senescent glial cells prevents tau-dependent pathology and cognitive decline[END_REF]), Parkinson's disease [START_REF] Chinta | Cellular Senescence Is Induced by the Environmental Neurotoxin Paraquat and Contributes to Neuropathology Linked to Parkinson's Disease[END_REF], osteoporosis [START_REF] Childs | Senescent intimal foam cells are deleterious at all stages of atherosclerosis[END_REF], osteoarthritis [START_REF] Jeon | Local clearance of senescent cells attenuates the development of post-traumatic osteoarthritis and creates a pro-regenerative environment[END_REF], atherosclerosis [START_REF] Childs | Senescent intimal foam cells are deleterious at all stages of atherosclerosis[END_REF], and others pathological conditions. The development of senolytic strategies is an emerging field for the attenuation of several age-related dysfunction. Senolytics selectively eliminate senescent cells, most frequently by transiently disabling pro-survival networks. Among senolytic strategies, the combination of Dasatinib and Quercetin (D + Q) has generated the most promising results.

Treatment of advanced-age mice with the D + Q combination alleviated physical dysfunction (e.g. attenuated the deteriorations in walking speed), and increased post-treatment survival by 36% [START_REF] Xu | Senolytics improve physical function and increase lifespan in old age[END_REF]). This drug combination has been shown to decrease the senescent cell burden in humans in a Phase-1 clinical trial in diabetic kidney disease patients [START_REF] Hickson | Senolytics decrease senescent cells in humans: Preliminary report from a clinical trial of Dasatinib plus Quercetin in individuals with diabetic kidney disease[END_REF]. It remains to be determined if future clinical trials will demonstrate positive medical outcomes resulting from decreased senescent cell burden in human diseases.

The discovery of premature cellular senescence in cells derived from patients with progeroid diseases such as Werner syndrome [START_REF] Davis | Prevention of accelerated cell aging in the Werner syndrome[END_REF][START_REF] Cheung | Telomerase protects werner syndrome lineage-specific stem cells from premature aging[END_REF], Hutchinson-Gilford progeria syndrome (Chen et al. 2017), and Ataxia-telangiectasia [START_REF] Tivey | Small molecule inhibition of p38 MAP kinase extends the replicative life span of human ATR-Seckel syndrome fibroblasts[END_REF]) has linked cellular senescence with accelerated ageing. Similarly, depletion in normal human primary fibroblasts of helicases whose impairment is responsible for precocious ageing in Bloom syndrome, Werner syndrome, and Rothmund-Thomson syndrome led to the increase of multiple markers of senescence [START_REF] Lu | Senescence induced by RECQL4 dysfunction contributes to Rothmund-Thomson syndrome features in mice[END_REF]. Importantly, keratinocytes from Cockayne syndrome patients mutated in CSA display premature cellular senescence [START_REF] Cordisco | Cockayne Syndrome Type A Protein Protects Primary Human Keratinocytes from Senescence[END_REF]. Moreover, CS-iPSC(induced pluripotent stem cells)-derived mesenchymal stem cells (MSCs) showed accelerated senescence compared to their isogenic controls [START_REF] Wang | Rescue of premature aging defects in Cockayne syndrome stem cells by CRISPR/Cas9-mediated gene correction[END_REF].

Causes and effector pathways of senescence

Cellular senescence can be triggered by numerous cellular stressors, such as DNA damaging agents, oxidative damage, telomere shortening, and oncogene activation [START_REF] Campisi | Cellular senescence: when bad things happen to good cells[END_REF][START_REF] Muñoz-Espín | Cellular senescence: from physiology to pathology[END_REF]. Regardless of the initial input, activation of the p53/p21 or the p16/Rb pathways is key for the implementation of the senescence program [START_REF] Herranz | Mechanisms and functions of cellular senescence[END_REF]) (Fig. 11).

The first cell culture phenomenon observed by Hayflick and Moorhead (Hayflick and Moorhead 1961) has been redefined as replicative senescence, and it is caused by DNA damage generated during DNA replication and replication-associated telomere shortening [START_REF] Harley | Telomeres shorten during ageing of human fibroblasts[END_REF]. Telomeres are the extremities of eukaryotic chromosomes and are composed of repeated DNA sequences over a length of 5-20 Kb in humans, exerting a protective function by preserving from genomic instability [START_REF] Martínez | Telomeric and extra-telomeric roles for telomerase and the telomere-binding proteins[END_REF].

Telomeres shorten at each round of DNA replication since they cannot be fully replicated by DNA polymerases because of the inability of these enzymes to synthesize DNA without a template, a situation that occurs at telomeres, i.e. the "end replication" problem [START_REF] Soudet | Elucidation of the DNA end-replication problem in Saccharomyces cerevisiae[END_REF]. Below a certain length, critically short telomeres are sensed by the cells as a sort of DNA damage, thereby triggering a DNA-damage response (DDR) [START_REF] Fumagalli | Telomeric DNA damage is irreparable and causes persistent DNAdamage-response activation[END_REF].

The DDR blocks cell cycle progression and prevents corrupted genetic information from being passed down to daughter cells. If the DNA damage persists, prolonged DDR signaling leads to a proliferative arrest in the form of cellular senescence [START_REF] Fumagalli | Stable cellular senescence is associated with persistent DDR activation[END_REF].

Regardless of the DNA damage driving-mechanism, the DDR is characterized by increased phosphorylation (at Ser139) of the histone H2AX (γ-H2AX) and binding of p53-binding protein 1 (53BP1) in chromatin at the site of DNA damage, that in turn activates a kinase cascade involving first the serine/threonine kinases ATM and ATR, and the checkpoint serine/threonine kinases CHK1 and CHK2 [START_REF] Fumagalli | Telomeric DNA damage is irreparable and causes persistent DNAdamage-response activation[END_REF]. At the bottom of this cascade is activated the tumor suppressor protein p53, which stimulates the expression of the cyclin-dependent kinase (CDK) inhibitor p21 (also known as p21 Cip1 , encoded by CDKN1A), which in turn blocks CDK2 activity, and therefore halts the cell cycle [START_REF] Harper | The p21 Cdkinteracting protein Cip1 is a potent inhibitor of G1 cyclin-dependent kinases[END_REF]) (Fig. 11).

Replicative senescence is also associated with de-repression of the CDKN2A locus, which encodes two important tumor suppressor genes: p14 (also known as p14 ARF ) and p16 (also known as p16 INK4 ) [START_REF] Quelle | Alternative reading frames of the INK4a tumor suppressor gene encode two unrelated proteins capable of inducing cell cycle arrest[END_REF][START_REF] Serrano | A new regulatory motif in cell-cycle control causing specific inhibition of cyclin D/CDK4[END_REF]. The p14 protein binds to and inhibits MDM2, which is responsible for p53 proteasome-mediated degradation, preventing p53 degradation, and establishing a cross-talk between the p53 and pRB pathways [START_REF] Kamijo | Functional and physical interactions of the ARF tumor suppressor with p53 and Mdm2[END_REF][START_REF] Zhang | ARF promotes MDM2 degradation and stabilizes p53: ARF-INK4a locus deletion impairs both the Rb and p53 tumor suppression pathways[END_REF]. The p16 protein directly binds to and represses CDK4 and CDK6 [START_REF] Serrano | A new regulatory motif in cell-cycle control causing specific inhibition of cyclin D/CDK4[END_REF]. The p21 protein is activated early on senescence entry, whereas p16 is activated later, probably to maintain the senescence phenotype [START_REF] Dulić | Uncoupling between phenotypic senescence and cell cycle arrest in aging p21-deficient fibroblasts[END_REF]. Inhibition of CDKs by p21 and p16 leads to hypophosphorylation and activation of the tumor suppressor pRB [START_REF] Chen | Phosphorylation of the retinoblastoma gene product is modulated during the cell cycle and cellular differentiation[END_REF], which binds to E2F, a transcription factor that promotes the cell cycle progression. pRB/E2F binding inhibits the E2F targeting of downstream promoters, thereby preventing the transcription of replicative genes [START_REF] Chicas | Dissecting the unique role of the retinoblastoma tumor suppressor during cellular senescence[END_REF][START_REF] Fischer | Cell cycle transcription control: DREAM/MuvB and RB-E2F complexes[END_REF].

Besides telomere shortening, DNA damage that initiates a DDR response can be triggered by endogenous and exogenous agents, such as ROS, chemical reagents or physical agents [START_REF] Jackson | The DNA-damage response in human biology and disease[END_REF]). Irradiation is an example of an exogenous source of DNA damage, which mainly generates double strand breaks (DSBs), the most severe types of DNA lesions.

Beyond a certain level of DNA damage, and/or the capacity of cells to repair the DNA, p53 activation instead of contributing to the regulation of the repair process [START_REF] Mijit | Role of p53 in the Regulation of Cellular Senescence[END_REF], may drive to either senescence or apoptosis, depending on the magnitude of the active damage.

Activation of oncogenes or loss of tumor suppressor genes can also trigger senescence.

Oncogene expression leads to an initial hyperproliferative phase that is intrinsically linked to altered DNA replication, engaging the DDR response and eventually causing senescence [START_REF] Di Micco | Oncogene-induced senescence is a DNA damage response triggered by DNA hyper-replication[END_REF][START_REF] Halazonetis | An oncogene-induced DNA damage model for cancer development[END_REF]. 'Oncogene-induced senescence' (OIS) is also linked to de-repression of the CDKN2A locus [START_REF] Kim | The regulation of INK4/ARF in cancer and aging[END_REF][START_REF] Gil | Regulation of the INK4b-ARF-INK4a tumour suppressor locus: all for one or one for all[END_REF]. Interestingly, different oncogenes can activate senescence in different ways. For example, contrary to RAS-induced senescence, oncogenic BRAF-mediated cellular senescence seems to be DDR-independent and is rather triggered by p16 induction [START_REF] Michaloglou | BRAFE600associated senescence-like cell cycle arrest of human naevi[END_REF].

Growth arrest

A stable cell cycle arrest is one of the defining features of senescent cells. Cell cycle withdrawal in cellular senescence differs from other cell states that include growth arrest, quiescence, and terminal differentiation. Quiescence is a temporary arrest state and, differently from senescence, quiescent cells can reenter the cell cycle in response to appropriate signals such as growth factor stimuli or mitogenic signals [START_REF] Campisi | Cellular senescence: when bad things happen to good cells[END_REF][START_REF] Calcinotto | Cellular Senescence: Aging, Cancer, and Injury[END_REF]. Terminal differentiation, the process by which undifferentiated precursors generate specialized effector cells, is also characterized by a durable cell-cycle arrest, but is mediated by pathways that are distinct to those of cellular senescence [START_REF] Gorgoulis | Cellular Senescence: Defining a Path Forward[END_REF]. To note, while the senescence cell-cycle arrest is essentially irreversible, cell-cycle re-entry has been reported under certain circumstances, particularly in tumor cells [START_REF] Galanos | Chronic p53-independent p21 expression causes genomic instability by deregulating replication licensing[END_REF][START_REF] Milanovic | Senescence-associated reprogramming promotes cancer stemness[END_REF][START_REF] Patel | Derepression of hTERT gene expression promotes escape from oncogene-induced cellular senescence[END_REF]. As previously mentioned, the senescence cell cycle exit results from increased expression of the CDK inhibitors p16 and p21, and therefore senescence can be identified by measuring the expression levels of these proteins.

Senescence-Associated Secretory Phenotype (SASP)

Senescent cells secrete a complex mixture of soluble and insoluble factors, termed senescence-associated secretory phenotype (SASP), that can act in an autocrine or paracrine fashion reinforcing or spreading the senescence phenotype to the immediate cellular environment, respectively [START_REF] Acosta | Chemokine signaling via the CXCR2 receptor reinforces senescence[END_REF][START_REF] Kuilman | Senescence-messaging secretome: SMS-ing cellular stress[END_REF][START_REF] Coppé | The senescence-associated secretory phenotype: the dark side of tumor suppression[END_REF][START_REF] Lopes-Paciencia | The senescence-associated secretory phenotype and its regulation[END_REF]). The SASP is therefore, the general term assigned to the combination of cytokines, growth factors, chemokines, metalloproteases, extracellular vesicles (EVs), and other signaling molecules secreted by senescent cells. Importantly, its specific composition and signaling capacity varies depending on the senescence inducer, senescence duration, cell type, and environment [START_REF] Maciel-Barón | Senescence associated secretory phenotype profile from primary lung mice fibroblasts depends on the senescence induction stimuli[END_REF]. SASP components such as cytokines (e.g. , chemokines (e.g. CCL2), or metalloproteases (e.g. MMP-1 and MMP-3) are also used as senescence markers [START_REF] González-Gualda | A guide to assessing cellular senescence in vitro and in vivo[END_REF]. However, none of them can unfailingly distinguish senescence from other types of cellular stresses.

Figure 12. General features of cellular senescence.

Senescent cells have a complex phenotype. This includes a stable cell cycle arrest, driven by the p16/Rb and p21/p53 pathways, and depending on the senescence trigger; chromatin reorganization and alterations, which include SAHFs and foci containing DDR proteins. Senescent cells also display macromolecular damage, disrupted nuclear envelope, as well as metabolic changes, including dysfunctional mitochondria and elevated ROS. They also upregulate prosurvival pathways that result in resistance to apoptosis, and display increased lysosomal content, characterized by the overexpression of SA-β-gal. Senescent cells secrete a complex mix of factors, known as SASP. In cell culture, senescent cells generally also present morphological changes, i.e. they become enlarged and flattened. Adapted from [START_REF] González-Gualda | A guide to assessing cellular senescence in vitro and in vivo[END_REF].

OBJECTIVES

Ageing is a multifactorial process. The master regulators of this physiological deterioration have not been clearly resolved nor mechanistically elucidated. In some genetic diseases, like the Cockayne syndrome, ageing is dramatically accelerated, leading to early death normally within the first decades. Dissecting the defect(s) of these devastating premature ageing disorders is critical to develop treatments, which are dramatically lacking, in addition to elucidate dysfunctions that may lead to normal ageing. Despite genetic defects of CS have been identified since decades, it remains unclear why these alterations actually trigger the ageing process. Part of the problem might rely in the complexity of the mutated proteins, that are multifunctional, as well as the wide spectrum of clinical severity. This thesis aims to address mechanistic questions that are unresolved in CS (Fig. 13) by:

I) Dissecting the mechanism for CS-specific degradation of mitochondrial POLG1

This topic is not only of relevance for the underlying mechanisms of CS, but also to identify the regulation of the homeostasis of the mitochondrial DNA polymerase POLG1, which is essential to mitochondrial function. The lab previously identified CS-specific depletion of POLG1 leading to mitochondrial dysfunction, as a possible cause of CS progeroid defects. POLG1 depletion required overexpression of the HTRA3 protease, which was triggered by increased oxidative/nitrosative stress. Scavenging both reactive species, rescued these defects and opened the path to a treatment for CS. It was unclear whether POLG1 depletion occurs through direct degradation by HTRA3 or intervention of other factors. My first aim was to dissect the mechanisms by which HTRA3 overexpression resulted in POLG1 depletion.

II) Generating isogenic CS models

Mechanistic studies of CS defects remain challenging in the absence of animal models that accurately recapitulate the disease. Moreover, patient-derived cells have different genetic backgrounds and are isolated from patients with largely different clinical severity. To provide complementary models for studying CS pathogenesis, this project aimed to generate isogenic CS models using CRISPR-Cas9 editing, namely correcting the CSB mutation in CS cells and, conversely, introducing CSB mutations in normal cells. Isogenic CS models also allow us to address questions related to the genotype/phenotype correlations and the large clinical heterogeneity of CS.

III) Assessing whether CS-specific alterations also occur during processes linked to regular ageing

Although suspected of being implicated in normal ageing, defects observed in progeroid syndromes have not been formally demonstrated to drive physiological ageing. We aimed to assess whether the defective HTRA3/POLG1 axis observed in CS cells was recapitulated during processes linked to physiological ageing. This chapter addresses the question of the mechanism of HTRA3-dependent POLG1 degradation in CS and cellular senescence that was described in the introduction (section 3). This chapter is presented in the form of a manuscript in preparation, including abstract, introduction, results and figures. To avoid repetitions, the materials and methods used in this study can be found in the "materials and methods" section in the manuscript.

I have performed the large majority of experiments in this section, except super-resolution microscopy acquisition and analysis, using technologies that were familiar as well as technologies that I introduced in the lab. I have been assisted in some experiments by Benjamin Montagne and Dr. Clément Crochemore who also helped to supervise this work. For all experiments, I have contributed to the rationale, their analysis and elaboration.

Introduction

DNA polymerase polymerase γ (Polg) is the enzyme responsible for the replication and maintenance of mitochondrial DNA (mtDNA) in animal cells 1 . It functions as a heterodimer composed of a catalytic subunit POLG1, associated with a dimeric accessory subunit, POLG2.

POLG1 has three catalytic activities: 5′-3′ DNA polymerase (DNA synthesis), 3′-5′ exonuclease (proof-reading), and 5′-deoxyribose phosphate lyase activity, which is required for base excision repair, a DNA repair process. POLG1-defective activity can cause mtDNA depletion or accumulation of point mutations and deletions in the mitochondrial genome.

Mutations in POLG1 are associated with heterogeneous mitochondrial diseases that range from prenatally-fatal conditions and severe infantile onset disorders, such as Alpers-Huttenlocher syndrome (AHS), to late-onset, milder conditions, such as progressive external ophthalmoplegia 2 . Interestingly, alteration of POLG1 proof-reading activity is associated with premature aging 3 . A substantial age-related decline in the mtDNA content has been also linked to age-related physiological alterations 4-7 , but it is unclear whether this decline is due to impaired POLG1 activity.

We previously reported reduced levels of and apparently functional POLG1 in cells from patients with the progeroid Cockayne Syndrome (CS), a rare autosomal recessive genetic disorder 8 . CS is a devastating multisystem disorder mainly characterized by neurodevelopmental defects, severe precocious ageing and, in the majority of cases, cutaneous photosensitivity. It is a progressive disorder in which most symptoms appear in early childhood and worsen with time, and patients display a wide spectrum of clinical severity. CS is due to mutations in either CSB or CSA, which are repair factors of the transcription-coupled nucleotide excision repair (TC-NER) pathway that repairs UV-induced DNA damage. CSA and CSB are multifunctional proteins, acting also as transcription and chromatin remodelling factors 9 .

We previously identified DNA repair-independent degradation of POLG1 triggered by oxidative and nitrosative stress (ROS and RNS), which promote overexpression of the HTRA3 protease. This process was not observed in cells derived from patients with the related UVSS syndrome, which is also due to CSA or CSB impairment, but is not characterized by precocious ageing despite DNA repair defects and photosensitivity 10 . These data suggest that POLG1 degradation is linked to the progeroid defect, and is independent of DNA repair impairment.

We also recently demonstrated that CS-specific alterations (i.e. the HTRA3/POLG1/mitochondrial axis, which includes POLG1 depletion), are recapitulated during replicative senescence of normal cells 11 , a process associated with normal ageing 12 .

Senescence is a protective mechanism characterized by a proliferative arrest of metabolically active cells, limiting the proliferation of damaged cells in response to various types of stress. It acts as a barrier to cancer 13 , and has a physiological role in normal development and tissue homeostasis, but transition to chronicity causes senescence to be associated with organismal ageing 14,15 . Indeed, senescent cells accumulation in tissues, and senescent stem cells withdrawing from the regeneration process are marks of tissue deterioration linked to ageing 16 , eventually contributing to organ dysfunction and aged-related diseases. Specifically, replicative senescence is induced by DNA damage generated during DNA replication, or persistent DNA damage response (DDR) resulting from telomere shortening, and leading to the stabilization of the transcription factor p53 and expression of the cyclin-dependent kinase inhibitor p21 17 .

The mechanism by which HTRA3 overexpression leads to POLG1 depletion in CS and replicative senescence remains to be elucidated. This topic is of general relevance for understanding the regulation of POLG1 homeostasis, which is essential for mitochondrial function. Homeostasis of mitochondrial proteins is ensured by multiple and diverse mechanisms that overall govern their production, their transport to the specific compartment in the organelle, and their degradation, and are dependent on the mitochondrial localization of these proteins 18 . Misfolded or unassembled proteins, but also native proteins are degraded to adapt the mitochondrial function. For instance, the turnover of the mtDNA transcription and replication factor TFAM is regulated by the LON protease in adaptation to mitochondrial requirements 19 .

In this study, based on previous mass spectrometry analyses that excluded direct HTRA3/POLG1 interaction, we identify a third interactor, cathepsin B (CTSB), that actually degrades POLG1 upon stabilization by HTRA3. CTSB accumulates in CS cells as well as senescent cells. Despite being prevalently lysosomal, CTSB localizes in mitochondria upon lysosome destabilization. We also show that the HTRA3/CTSB POLG1 degradation axis depends on replicative senescence in normal cells.

Results

CTSB accumulates in CS cells and interacts with POLG1 and HTRA3 in WT and CS cells

To assess the mechanism of HTRA3-dependent POLG1 depletion in CS we previously performed Mass Spectrometry (MS) analyses of HTRA3 and POLG1 interactors that excluded direct HTRA3 and POLG1 interaction (manuscript in preparation). Conversely MS suggested that cathepsin B (CTSB), a member of the family of lysosomal cysteine proteases, interacts with POLG1 and, in most tested CS cells, also with HTRA3. We thus hypothesized a POLG1 degradation complex composed of two proteins, namely HTRA3 and CTSB (Fig. 1a). To explore this possibility, we assessed the interactions of CTSB with HTRA3 by coimmunoprecipitation experiments in CSB-deficient (CS1AN-SV), and wild type (WT) (MRC5-SV) immortalized fibroblasts. Results confirmed that the active form of CTSB coimmunoprecipitates with endogenous HTRA3 in CS fibroblasts and, surprisingly, also in WT cells where MS experiments failed to show interaction between these two proteins (Fig. 1b).

Co-immunoprecipitation experiments confirmed also the interaction of CTSB with POLG1 (Fig. 1b; to note CTSB appeared of smaller size in this lane). These experiments suggested upregulation of the CTSB protein in CS1AN-SV compared to MRC5-SV cells (Fig. 1b, Input), which was confirmed by RT-qPCR (Fig. 1c), and immunofluorescence (IF) (Fig. 1d, Fig. S1b) experiments. To assess whether accumulation of CTSB in CS cells actually translated into an increased proteolytic activity, we incubated cells with the Magic Red CTSB substrate that generates a cresyl violet fluorophore that is proportional to CTSB activity. We observed a significant increase in the protease activity in CS1AN-SV cells compared to MRC5-SV controls (Fig. 1e, Fig. S1c).

These results prompted us to investigate CTSB levels in the CS patient-derived primary skin fibroblasts in which we previously reported POLG1 depletion, compared to WT and UVSS cells that are mutated but non-progeroid 8 . In cells derived from patients with the severe forms (CS-I and CS-II), transcript levels of CTSB were 1.8-to 4.7-fold higher than WT cells (Fig. 1f, patient derived cells are described in Fig. S1a). Conversely, CTSB expression was not higher in cells from the milder CS-III form (late-onset form of CS allowing long-term survival), and UVSS. Accordingly, CTSB protein levels assessed by Western blots were 5-to 10-fold higher in all CS patient-derived cells, including CS-III cells (Fig. 1g, Fig. S1d) compared to WT or UVSS cells, and were confirmed by IF in selected representative cells (Fig. 1h, Fig. S1e).

Interestingly, the largest differences in CTSB levels between WT and CS cells appeared at the protein rather than mRNA level, as highlighted by combining both sets of data (Fig. 1i). These data suggest a stabilization of the CTSB protein or its mRNA in CSB-deficient cells.

Taken together, these results suggest interaction among HTRA3, CTSB, and POLG1 in WT, which is potentially enriched in CS cells where the CTSB component is accumulated.

Accumulation of HTRA3 in CS cells was previously demonstrated 8 .

CTSB induces POLG1 protein depletion in WT and to a larger extent in CS cells

To verify whether CTSB is responsible for POLG1 depletion we silenced CTSB. For that, MRC5-SV and CS1AN-SV cell lines were transduced with either a non-targeting shRNA (shRNA-scramble (SCR)) or a shRNA directed against CTSB (shCTSB). At day 4 following transduction, we observed an efficient silencing of CTSB transcripts, with more than 95% efficiency in both cell lines compared to the respective shSCR (Fig. 2a). Western blot analysis confirmed almost complete depletion of the CTSB protein (Fig. 2b). As expected, CTSB silencing resulted in higher levels of POLG1 in MRC5-SV, and to a large extent in CS1AN-SV cells where the originally low levels of this polymerase returned as in control cells (Fig. 2b andc). Increase in POLG1 protein levels upon CTSB knockdown was further confirmed by immunofluorescence in WT and CSB-deficient cells (Fig. 2d and Fig. S2a).

To assess the impact of increase/restoration of POLG1 levels on the mitochondrial function, we measured the cellular ATP levels produced by mitochondrial oxidative phosphorylation (OXPHOS), using a luminescent assay in the presence and in the absence of oligomycin that blocks OXPHOS. As expected according to our working model, WT and CSBdeficient cells displayed an increase in OXPHOS-related ATP production upon CTSB knockdown, compared to the respective shSCR (Fig. 2e). These data also indicate that mitochondrial ATP production in CS cells was restored at the levels of controls. To note, CTSB silencing resulted in a larger increase of mitochondrial ATP in control MRC5-SV cells that were not originally depleted in POLG1.

It has been reported that CS cells accumulate lysosomes with ruptured membranes 20 , suggesting a leakage of mature active CTSB from the lysosomes, where this enzyme is mainly localized. We destabilized lysosomal membranes of control MRC5-SV (WT) cells with Lleucyl-L-leucine methyl ester (LLOMe) to test whether this treatment leads to POLG1 depletion, as it was observed in CS cells. Indeed, treatment of MRC5-SV cells with 250uM or 1000 uM of LLOMe for 3 hours led to a dose-dependent decrease of the POLG1 protein content (Fig. 2f andg). The LLOMe treatment worsened POLG1 depletion in CS1AN-SV cells (Fig. 2f andg). POLG1 depletion upon LLOMe treatment seems to be specific since TFAM levels remained unchanged under the same treatment. Taken together, these experiments show that the CTSB protease is directly associated with POLG1 degradation in WT and, to a larger extent, in CS cells where it is present in larger amounts.

CTSB is stabilized by HTRA3

Some members of the HtrA family, such as HTRA2, have been described to possess, besides the protease, a chaperone activity 21 . The chaperone-like activity of HTRA3 was also recently reported 22 . We hypothesized that HTRA3, expressed at high levels in CSB-deficient cells, acts as a stabilizer of CTSB. Consistent with this notion, all tested CS cells, that have high levels of CTSB (protein and mRNA) have been previously shown to carry high levels of HTRA3 (except AS177) 8 . Here, CS823VI CS-III cells, that overexpress the CTSB protein but not its mRNA (see above, Figs. 1f, g, i), also showed high levels of the HTRA3 protein (Fig. S3a). To examine whether HTRA3 stabilizes CTSB, we performed RNA-mediated depletion of HTRA3, using the same silencing strategy described above. HTRA3 silencing was effective in WT as well as CS cells (knock-down efficiency of 72% for MRC5-SV and 56% for CS1AN-SV at the transcript level, Fig. 3a) and, importantly, in the latter it restored HTRA3 levels almost as low as in control cells. In CS1AN-SV cells HTRA3 knock-down, which was confirmed at the protein level (Fig. 3b), reduced the abundant CTSB protein as early as 48h after sh-RNA transduction (Fig. 3b). Despite low native levels of the HTRA3 and CTSB proteins in WT cells, HTRA3 depletion led to a slight decline in CTSB levels also in these cells, consistent with CTSB and HTRA3 interacting also in normal cells.

HTRA3 knockdown did not lead to a decrease in CTSB transcripts, indicating that HTRA3 regulates CTSB post-transcriptionally. Rather, HTRA3 knockdown increased CTSB transcripts (Fig. 3c), suggesting a homeostatic mechanism to compensate for decreased protein levels. To note, reduced CTSB protein upon HTRA3 silencing was maintained 4 days posttransduction in control MRC5-SV cells (Fig. S3b). Conversely, at this time point, the HTRA3 protein content increased back to normal levels in CS1AN-SV cells (Fig. S3b) despite transcripts remained low (Fig. S3c). This result suggests reduced turnover of HTRA3 in the long term in CS1AN-SV cells. This event was accompanied by an increase in CTSB protein content (Fig. S3b), further supporting the notion of CTSB stabilization by HTRA3.

In support of this model, ectopic overexpression of HTRA3 in MRC5-SV cells using a pcDNA3.1-based vector led to an increase of CTSB protein levels (Fig. 3d). Treatment of HTRA3 overexpressing cells for 24h with cycloheximide (CHX), a translation inhibitor, showed an expected decline in CTSB levels (Fig. 3d). Interestingly, however, upon translation inhibition the fraction of CTSB was higher in HTRA3 overexpressing cells compared to cells transfected with the empty vector. This experiment indicates that HTRA3 overexpression accounts for, at least a fraction of, the persistence of translated CTSB, i.e. reduced degradation of this protein.

In conclusion, HTRA3 ablation reduced the CTSB protein content without affecting mRNA levels and, consistently, HTRA3 overexpression correlated with high CTSB protein levels and increased post-translational stability of this protein. Thus, there is direct correlation between HTRA3 and stability of CTSB.

Active CTSB is present in mitochondria

As CTSB is directly associated with POLG1 depletion, we investigated the subcellular localization of this interaction. POLG1 is a nuclear-encoded protein, translated in the cytosol, and imported into the mitochondria. Western blots on the cytosolic and mitochondrial fractions after subcellular fractionation of MRC5-SV and CS1AN-SV cells showed that POLG1 was prevalently located in the mitochondrial fraction in both cell lines (Fig. 4a), as expected. CTSB appeared also prevalently located in the mitochondrial fraction, and in particular in CS1AN cells where this protein is abundant. Thus, we reasoned that POLG1 degradation may take place directly in the organelle. Indeed, lower levels of POLG1 in whole cell lysate in CS1AN-SV compared to MRC5-SV correlate with depletion of the protein in the mitochondrial, but not in the cytosolic fraction (Fig. 4a). We detected in the mitochondrial fraction (as well as in the cytosol) also the other member of this putative complex (see figure 1), HTRA3 , (Fig. 4a). This result is in agreement with the localization of this protein in the cytosol and mitochondria, as we previously reported with IF analysis 11 .

These experiments suggested that the POLG1/CTSB interaction, leading to degradation of the polymerase, takes place in mitochondria. However, we wondered whether this fractionation method efficiently separates lysosomes from mitochondria. Labelling of LAMP1, a lysosomal membrane protein, revealed that the enriched mitochondrial fraction actually contained lysosome components, and at a larger extent in CS1AN cells (Fig. 4a). To corroborate these findings, we used OptiPrep density ultracentrifugation that accurately separates lysosomes from mitochondria 23 (Fig. 4b). Lysosomes were mainly recovered in fraction 1, as

shown by the lysosomal marker LAMP1. POLG1 was detected in fractions 5 to 9, i.e. in the mitochondrial fraction, as indicated by the position the mitochondrial transcription factor TFAM that is located in the matrix. HTRA3 was located in in the lysosomal and mitochondrial fraction, in MRC5-SV as well as CS1AN-SV cells. Importantly, CTSB was mainly localized in the lysosomal fraction, but was also detected in the mitochondrial fractions, and this happened to a larger extent in CSB-depleted CS1AN-SV cells. The mitochondrial localization of CTSB is in agreement with our model of CTSB leaking from lysosomes in CS cells.

CTSB (-2,-3) is an alternatively spliced isoform of CTSB that encodes a truncated form of the enzyme lacking the signal peptide and part of the inhibitory propeptide, and has been reported to be inactive 24 . This isoform contains a new N-terminal leader sequence that allows its transport to mitochondria rather than lysosomes 25 . We wondered whether CTSB (-2,-3) was overexpressed in CS cells, since its molecular mass (32 kDa) may correspond to the CTSB upper band in WB experiments, i.e. the single-chain active CTSB form (31-kDa) 26 (Fig. S4 a and b). This isoform is, however, not likely responsible for POLG1 degradation, since CTSB (-2,-3) transcripts are not overexpressed in most CS patient-derived fibroblasts (Fig. S4c).. Moreover, in fractionation experiments (Fig. 4b) we observed an enrichment of the lower band (double-chain active CTSB form) rather the upper band that may correspond to CTSB (-2,-3).

These data suggest that mitochondrial CTSB does not correspond the (-2,-3) isoform, but rather to the two active forms of the protein. In normal conditions, these isoforms are prevalently found in lysosomes, further supporting the hypothesis of lysosomal leakage of CTSB.

To assess the subcellular localization of active CTSB, we performed super-resolution structured illumination microscopy (SIM) using the Magic Red CTSB activity probe. Colabelling of this probe with MitoTracker, a fluorescent dye that stains mitochondria in live cells, showed colocalization of active CTSB in mitochondria in CS1AN-SV cells (Fig. 4c), in addition to extramitochondrial CTSB activity. To note, both mitochondrial and extramitochondrial CTSB activities were observed also in control WT MRC5-SV cells (Fig. S4b), although the signal was low in both compartments, compatibly with lower levels of CTSB in these cells compared to CS1AN-SV cells. Thus, our results are compatible with CTSBdependent POLG1 degradation in mitochondria.

RAC1 is stabilized by HTRA3 and interacts with CTSB

Mass spectrometry analyses of either the HTRA3-or POLG1-interacting proteome had also identified the small GTPase RAC1 as a common interactor of both proteins (manuscript in preparation) . Interestingly, the activation of RAC1 has been demonstrated to induce CTSBmediated intracellular protein degradation 27 . We thus hypothesized that RAC1 may play a role in the CTSB/HTRA3 containing complex that degrades POLG1 (Fig. 5a). In agreement with previous reports that showed mitochondrial localization of RAC1 28 , we detected RAC1 in the mitochondrial fraction in the subcellular fractionation and OptiPrep density ultracentrifugation experiments (Fig. 5h andi). Importantly, in both experiments RAC1 levels in the mitochondrial fraction were higher in CS1AN-SV cells than MRC5-SV cells.

Thus, the interacting CTSB and RAC1 proteins, as evidenced by immunoprecipitation experiments, responded similarly to changes in HTRA3 levels, suggesting that RAC1 is stabilized by HTRA3 and is possibly part of the complex that leads to POLG1 degradation.

Moreover, our findings indicate an increase of the mitochondrial fraction of RAC1 in CS cells compared to WT cells.

RAC1 downregulation leads to a rapidly compensated downregulation of CTSB and HTRA3 proteins

We wondered whether RAC1, similarly to the other members of the POLG1 degradation complex (CTSB and HTRA3) was present at higher levels in CS than control cells. However, no differences in the levels of RAC1 protein were observed between immortalized MRC5-SV and CS1AN-SV, and between primary WT, and patient-derived (CS and UVSS) fibroblasts (Fig. 6a,b).

To understand whether RAC1 affects the proteins implicated in POLG1 depletion, we performed knock down of RAC1 by shRNA. RAC1 reduction of 91% in MRC5-SV and 80% in CS1AN-SV cells 4 days post-transduction (Fig. 6c,d), did not affect the levels of CTSB or HTRA3 proteins (Fig. 6d) but increased their transcripts specifically in CS1AN-SV cells (Fig. 6e,f). We reasoned that upon RAC1 depletion, transcription of CTSB or HTRA3 was enhanced to compensate for earlier protein depletion in CS1AN-SV cells. Consistent with this hypothesis, the levels of the HTRA3 and CTSB proteins decreased 36h post-transduction (Fig. 6g andh), and were restored 48h post-transduction (Fig. S5a,b). Concomitantly, HTRA3 and CTSB transcription was enhanced (Fig. 6i,j) in both CS1AN-SV and MRC5-SV cells (36h posttransduction). The levels of HTRA3 and CTSB proteins were restored 48h post-transduction in both cells but their transcripts remained high only in CS1AN-SV (Fig. S5b-d).

In summary, HTRA3 and CTSB, which are present at higher levels in CS1AN-SV than control MRC5-SV behave similarly upon RAC1 depletion (Fig. S5e andS5f). In MRC5-SV cells, transcript levels were low when the protein content was high, and vice versa, suggesting an equilibrated regulation of the HTRA3 and CTSB protein turnover in response to RAC1 depletion. Conversely, the restoration and maintenance of high levels of HTRA3 and CTSB protein in CS1AN-SV cells required upregulated transcription, suggesting increased protein degradation upon RAC1 depletion.

CTSB overexpression is recapitulated in cellular senescence

We recently reported that HTRA3 upregulation and subsequent POLG1 depletion identified in CS cells are recapitulated during replicative senescence, and this process is triggered by depletion of CSB, the protein mutated in CS. We thus examined whether CTSB expression was upregulated in senescent fibroblasts. For that, DNA damage-dependent senescence was triggered by irradiating (10 Gy) early-passage normal primary BJ fibroblasts.

High levels of the senescence marker p21 indicated that the cell population was senescent at 10 days post-irradiation (Fig. 7a), and as expected, CSB was depleted and HTRA3 levels increased in senescent BJ cells (Fig. 7a). Importantly high HTRA3 levels were accompanied by an increase in the CTSB protein content in BJ (Fig. 7a) as well as in IMR90 cells were we originally demonstrated these findings (Fig. S6a).

The mechanism leading to senescence-related HTRA3 accumulation, and now also CTSB accumulation, remains to be elucidated. Transcriptional regulation of HTRA3 and CTSB either directly depends on CSB (hypothesis 1; Fig. 7b) or it is triggered by senescence effectors (hypothesis 2; Fig. 7b), for instance p21 that we previously reported to be transcriptionally activated by decreased CSB levels 11 . To investigate these hypotheses, we needed to uncouple CSB depletion from senescence induction. For that, we knocked out CSB using CRISPR-cas9

editing in a cellular model where senescence is blocked, i.e. in immortalized cells, but can be reactivated. To remain as close as possible to the primary cell phenotype, we edited hTERTimmortalized fibroblasts (BJ-5ta hTERT) by inserting two alternative point mutations in CSB.

These two independent clones have been constructed based on CSB mutations reported in CS patients. The mutations and sequencing of the two clones (BJ-5ta csb-/-hTERT #1 and BJ-5ta csb- /-hTERT #2) are detailed in Supplementary Figure S7a andb, and the CSB depletion was confirmed by WB (Fig. 7c). As anticipated, knock-out of CSB that should trigger p21 expression in normal cells 11 , did not affect p21 expression in these immortalized cell lines (Fig 7c). Importantly, CSB depletion did not lead either to HTRA3 or CTSB accumulation (Fig. 7c),

indicating that HTRA3 and CTSB protein levels are not directly regulated by CSB. These experiments rather suggest that these two proteins are rather regulated by the senescence process itself. If this was the case, reactivation of senescence in CSB-depleted BJ5ta-hTERT cells (that remain sensitive to stress-induced senescence 29 ), should lead to induction of HTRA3 and CTSB expression.

Irradiation-induced senescence in BJ5ta csb-/-hTERT cells, which was confirmed by upregulation of the senescence marker p21 (Fig. 7d,e) and increased senescence-associated beta-galactosidase staining (SA-β-gal) (not shown), indeed resulted in high levels of the CTSB and HTRA3 proteins (Fig. 7d) and their transcripts (Fig. 7f,g). These data are compatible with accumulation of these two proteases being dependent on senescence, rather than CSB depletion, as anticipated. In WT (CSB-proficient) BJ5ta-hTERT cells, induction of senescence, which was confirmed by high p21 levels (Fig. 7d,e), was associated with reduced levels of CSB, in agreement with the previously published model 11 . Importantly, these cells also displayed increased levels of the HTRA3 and CTSB proteins and transcripts (Fig. 7d, f, g), further

supporting the role of senescence rather than CSB levels in promoting high levels of HTRA3 and CTSB.

Discussion

Growing body of evidence indicates that the dramatic progeroid and neurodegenerative defects of Cockayne syndrome cannot be solely or primarily explained by impaired repair of UV-induced DNA damage. Indeed, the mutated proteins, CSA or CSB, are implicated in this type of repair but are multifunctional factors acting also as transcription and protein remodeling factors 9 . We previously showed a CS-specific degradation of the mitochondrial DNA polymerase POLG1, in turn affecting mitochondrial function, and that is independent from DNA repair 30 . Likewise, several mitochondrial defects have been implicated in the pathogenesis of CS, including mitochondrial membrane depolarization, increased mitochondrial content due to defective mitophagy, increased ROS production, and increased membrane potential 31-33 . Further support for a mitochondrial involvement in CS is the sticking similarity of the CS phenotype to typical aspects of mitochondrial diseases, such as delayedonset and progressive course, tissue-specific manifestations, and variation in individual predisposition to degenerative defects 34,35 . This is particularly interesting in the context of a progeroid diseases since decline in mitochondrial function is one of the major hallmarks of ageing 12 . We also reported that POLG1 depletion, that requires HTRA3 overexpression 8 , was recapitulated in replicative senescence 11 , another major hallmark of ageing. This study provides a novel insight into the mechanism of POLG1 degradation, which is notably relevant in both CS and senescent cells where POLG1 levels are depleted, but also importantly, in normal conditions controlling POLG1 homeostasis.

Importantly, we have recently unveiled a novel CSB function, by which it binds to the p21 promoter thereby downregulating its transcription and limiting replicative senescence 11 .

We show here that HTRA3-dependent POLG1 degradation is more complex than a direct protease/target interaction. Our results rather demonstrate a unique partnership of a protease/chaperon (HTRA3) stabilizing another protease (CTSB), that is in turn responsible for cleaving the target (POLG1). We also identified another protein, the small GTPase RAC1, as a putative member of this HTRA3/CTSB complex leading to POLG1 degradation. RAC1 behaved as its interacting partner, CTSB, upon HTRA3 downregulation and overexpression, suggesting that also RAC1 is stabilized by HTRA3.

We demonstrated for the first time the localization of the active form of CTSB and, importantly, its activity in mitochondria. Indeed, the CTSB(-2,-3) isoform that has been previously reported in mitochondria 25 is catalytically inactive and cannot properly fold into an active protease 24 . Conversely, we showed that the active forms of CTSB, which are normally located in lysosomes, are actually present also in mitochondria, and to a larger extent in CS cells. Subcellular fractionation analysis also demonstrated the mitochondrial localization of the CTSB partners RAC1 and HTRA3, in line with previous reports by our and other labs 11,36,37 .

Lysosomes, that contain most cellular CSTB in normal conditions, have been reported to be dysfunctional CS cells, due to ruptured membranes 20 . We therefore hypothesized that active CTSB leaking from lysosomes is targeted to mitochondria where it degrades POLG1. In line with this hypothesis, induced disruption of the lysosomal membranes with LLOMe resulted in a specific decrease of POLG1, both in WT and CS cells. This degradation activity seems specific to POLG1, since upon lysosome leakage we did not observe depletion of TFAM, another mitochondrial matrix protein as POLG1. This result is in contrast with a previous study that proposed TFAM degradation by CTSB in aged microglia 38 . Although it was generally accepted that cysteine cathepsins are active only at slightly acidic pH as in the endolysosomal vesicles, actually cathepsins retain extralysosomal activity for a limited amount of time.

Similarly, CTSB has been reported to be highly active at a pH range of 7.5-8 39 , which is compatible with the pH of the mitochondrial matrix (pH7.7-8.2) 40-42 . However, the enzyme is unstable at this pH and it spontaneously denatures 43 , reinforcing the need for a chaperone like HTRA3 to remain active. In agreement with this notion, HTRA3 was shown in vitro to protect a model substrate, the citrate synthase, against thermal inactivation in a concentrationdependent manner 22 .

We demonstrated that each protein involved in POLG1 degradation in this model, i.e.

HTRA3 and CTSB, as well as POLG1 itself, interacts with RAC1. We also demonstrated that RAC1 is stabilized by HTRA3. Although we have not addressed the putative role of RAC1 in POLG1 degradation, it is possible that this GTPase is required for the HTRA3/CTSB interaction, as it is the case for components of the NADPH oxidase complex. In this complex, RAC1 induces conformational changes in the p67phox protein that allow its binding to gp91phox; an interacting complex that is required for oxidative burst 44 . In our paradigm, we did not observe an increase of RAC1 levels in CS cells, as it was conversely the case for HTRA3 8 and CTSB (this study). Our findings rather indicated an increase of the mitochondrial fraction of RAC1 in CS but not WT cells, indicating a mitochondrial relocalization of this protein in the disease condition. Since RAC1 seems to stabilize the HTRA3/CTSB complex that leads to POLG1 depletion, the mitochondrial localization of RAC1 would help explaining POLG1 depletion in CS but not WT cells. Since RAC1 has been show to be implicated in other functions in mitochondria, the mitochondrial relocalization of RAC1 in CS cells may have implications beyond the participation in POLG1 degradation. For instance, the interaction of RAC1 with BCL2 in mitochondria stabilizes the BCL2-mediated superoxide production that is required to maintain a mild pro-oxidant intracellular level, resulting either in a cyto-protective or cytotoxic effect, depending on cell type and environmental conditions 37 .

Importantly, we have also shown the relevance of the CTSB/HTRA3-dependent POLG1 degradation in normal cells. Proteases inside mitochondria act as a quality control mechanism regulating the mitochondrial protein turnover 18 Hence, native proteins are frequently subjected to proteolysis in a regulated manner to modulate the mitochondrial function. A well known example of such regulation is the control TFAM levels. To stabilize the TFAM/mtDNA ratio, excess of TFAM is selectively degraded by the major matrix protease in mitochondria, the Lon protease 19 . Conversely, the homeostatic regulation of the POLG1 protein is poorly understood.

Our findings point to a selective POLG1 regulation by the CTSB/HTRA3/(RAC1) complex.

Mitochondrial matrix protease generally act as chaperone proteases: the Lon protease carries both the protease and the chaperon activity in the same polypeptide, whereas the ClpXP protease is composed by the ClpX chaperon and the ClpP peptidase 45 . Here we show a novel type of partnership, with a chaperon/protease (HTRA3) acting to stabilize another protease (CTSB). This interaction is surely favored in CS cells where both HTRA3 and CTSB are overexpressed and enriched in the mitochondrial fraction.

As we had previously reported for HTRA3 11 , we now show that CTSB is specifically accumulated in CS cells compared to WT or UVSS (mutated but not progeroid), possibly implying a role of CTSB in the mechanism leading to the CS progeroid phenotype. In this context, CTSB overexpression had been linked to regular ageing and neurodegeneration in the hippocampus, where the mean levels of CTSB increase in old mice, and an amelioration in the age-dependent increase of oxidation and inflammation was observed in CTSB-deficient mice 38 .

Similarly, a direct correlation between serum CTSB concentration and the age-related decline in cardiovascular and renal functions has been described 46 . In our model, and again similarly to HTRA3, we observed a CTSB accumulation during DDR-dependent senescence, a process linked to ageing, and suggesting a tight regulatory link between these two proteins. This last observation is in agreement with a previous study showing that CTSB is a member of the senescence-associated secretory phenotype (SASP) 47 . To understand the mechanism leading to HTRA3 and CTSB overexpression in CS, we have shown that induction of these two proteins is not directly dependent on CSB levels (as it is the case for instance for the cell cycle regulator p21 11 ) but rather on cellular senescence. Indeed, we have generated a cellular system that is able to uncouple CSB depletion from cellular senescence, two processes that are normally linked (decreased CSB levels in primary cells leads to p21 upregulation and senescence) 11 . For that, we knocked-out CSB using CRISPR-cas9 in dividing cells that do not undergo senescence (immortalized BJ5ta). We discovered that CSB ablation does not lead to changes in HTRA3 or CTSB levels nor, consequently, POLG1 depletion, revealing that the expression of the two proteases is not directly regulated by CSB. Exogenous stress-induction of senescence (which can be re-activated) in these cells) was sufficient to trigger HTRA3 and CTSB overexpression, demonstrating that their regulation is linked to senescence. This result suggests that CS-specific POLG1 depletion and the consequent mitochondrial defects, that are linked to the progeroid phenotype are not directly dependent on CSB itself but on senescence. Obviously, these defects are independent of the CSB-dependent DNA repair defect in CS cells.

This study provides a DNA repair-independent mechanistic model for POLG1 degradation, that contributes to POLG1 homeostasis in basal conditions, and is hyperactivated in CS and cellular senescence. β-tubulin is used as a cytosolic marker and POLG1 as a mitochondrial marker. b) Immunoblot analysis of RAC1 in MRC5-SV and CS1AN-SV samples fractionated on an Optiprep density gradient (same experiment as Fig. 4b). LAMP1 is used as a lysosomal marker and TFAM as a mitochondrial marker. (a) Illustration of CTSB forms. CTSB is synthesized as inactive preproenzyme (proCTSB), that is activated in the endosomal/lysosomal compartment 51 . Removal of the propeptide generates a 31 kDa mature single chain form of CTSB, which is enzymatically active. This single chain form of CTSB can be further processed by a proteolytic cleavage between residues 47 and 50, generating a heavy chain (26 kDa) and a light chain (5 kDa), that are linked by a cysteine-cysteine bond, forming a double chain form 52 . Thus, mature CTSB c exists in a single chain or a double chain form, which have been reported to have similar activities 48,49 . CTSB (-2,-3) is a truncated inactive form of the enzyme that lacks the signal peptide and part of the inhibitory propeptide, and is targeted to mitochondria 25,53,54 . 

CHAPTER 2: Generation and characterization of isogenic Cockayne syndrome cells and neuroectodermal organoids

Why do we need to generate isogenic CS models?

Mice deficient for Csa or Csb as well as Csa/Csb double mutants poorly recapitulate the human disease since they display photosensitivity but little neurodegeneration and have a normal lifespan (as reported in the introduction). This could be explained by the differences in genetic and anatomic features between humans and mice. For example, the mouse brain is less complex than the human brain and several dysfunctions may not be observed in the latter, and mice have high telomerase activity in many organs that may alter the DDR/senescent phenotype compared to humans [START_REF] Vanhooren | The mouse as a model organism in aging research: Usefulness, pitfalls and possibilities[END_REF]. Moreover, given the large heterogeneity of the CS disease, that is not recapitulated in a single mutation, there is a need to establish humanderived CS models, possibly derived from multiple patients. These models may better allow investigating defects at the cellular level and identify molecular mechanisms of the disease.

These models may also be relevant for the translation to treatments.

Primary patient-derived cells are an invaluable resource to evaluate the cellular and molecular effects of CSB or CSA mutations, but their use has limitations. Biological material is difficult to obtain from CS patients, given that CS is a rare disease and patients are extremely fragile to undergo further biopsies than the one done for diagnostic purposes (i.e. to obtain skin fibroblasts). Moreover, primary fibroblasts have limited proliferation potential because they senesce in culture. Therefore, the use of immortalized cell lines is helpful for mechanistic analysis, for which large quantities of cells are required, and which remain in a comparable state during passages, as they do not senesce. However, studies on patient-derived primary and immortalized cells are hindered because of the large heterogeneity of the genetic background of patients that complicates understanding genotype/phenotype correlations [START_REF] Laugel | Mutation update for the CSB/ERCC6 and CSA/ERCC8 genes involved in Cockayne syndrome[END_REF]). Thus, isogenic CS cellular models are needed to investigate CS molecular defects by separating CSB mutation-dependent alterations from those due to the genetic background.

Additionally, these models allow us to study the effects of a given mutation in a specific genetic background.

Insertion of precise genetic modifications with the CRISPR-Cas9 genome editing system

One possibility to study an isogenic CS condition was to complement CS cells with the wild-type CSB protein. However, high CSB levels resulting from ectopic expression may poorly recapitulate the physiological condition (e.g. CSB overexpression in CSB-depleted cells does not reduce HTRA3 levels as in control cells (Chatre et al. 2015)). In this context, the levels of CSB seem to have deep influence on the cell fate (senescence, hyperproliferation) (Crochemore et al. 2019;[START_REF] Caputo | The CSB repair factor is overexpressed in cancer cells, increases apoptotic resistance, and promotes tumor growth[END_REF]. Therefore, I aimed to generate isogenic CS models that carry physiological levels of CSB and thereby mimic physiological conditions. To do that I first performed genome editing to correct a CSB mutation in a patient-derived immortalized cell line and, second, I introduced this mutation in wild type cells that obviously have a different genetic background from the previous one. We planned thus to obtain two couples of isogenic cells carrying or not the CSB mutation, with each couple having a given genetic background.

The development of targeted nucleases such as finger nucleases (ZFN), transcription activator like effector nucleases (TALEN), and clustered regularly interspaced short palindromic repeats-(CRISPR)-associated protein 9 (CRISPR-Cas9) has generated powerful tools for inducing targeted insertions, deletions, and precise sequence changes in a wide range of organisms and cell types [START_REF] Gaj | Genome-Editing Technologies: Principles and Applications[END_REF]. The first two methods, ZFN and TALEN, use protein-based sequence recognition, whereas the more recently developed CRISPR-Cas9 uses a nucleotide-based approach. The relevance of the CRISPR-Cas9 technique stems from the ease and versatility with which the guiding sequence can be designed as opposed to the more timeconsuming task of assembling a customized pair of zinc-finger nucleases or TALENs for each genomic target [START_REF] Gaj | Genome-Editing Technologies: Principles and Applications[END_REF].

CRISPR-Cas9 was first discovered as an adaptive immune response in bacterial cells as a defense mechanism against foreign DNA [START_REF] Barrangou | CRISPR provides acquired resistance against viruses in prokaryotes[END_REF]). Upon adaptation for genome editing, the engineered CRISPR-Cas9 machinery mainly contains two parts: the Cas9 protein and a single guide RNA (gRNA) [START_REF] Cong | Multiplex genome engineering using CRISPR/Cas systems[END_REF]. Cas9 is an RNA-guided nuclease that is directed to a specific genomic region by a sgRNA. The sgRNA is a custom-made, synthetic, single-stranded RNA that contains an 18-25-nucleotide sequence specific to the genomic target sequence to be modified, followed by a scaffold sequence that complexes with Cas9. Hybridization of the sgRNA-Cas9 complex to the targeted DNA generates a conformational change that activates Cas9 nuclease activity, resulting in a DNA double-strand break (DSB).

It is important to note that one prerequisite for proper binding of the sgRNA-Cas9 complex to the target DNA is the presence of a protospacer adjacent motif (PAM) that is recognized by the PAM-interacting domain of the Cas9 protein. Cas9-induced DSBs can be repaired by one of the two prevalent pathways that operate in nearly all cell types: non-homologous end-joining (NHEJ) and homology-directed repair (HDR), although the latter is far less efficient in nonproliferating cells (Fig. 14).

Figure 14. Resolution of Cas9 generated double-strand break.

Adapted from [START_REF] Ran | Genome engineering using the CRISPR-Cas9 system[END_REF].

NHEJ is frequently mutagenic and is used in genome editing experiments to permanently knock out the expression of a gene. During NHEJ repair of a DSB, DNA blunt ends are ligated and, during this process, random nucleotide insertions and/or deletions can occur, resulting in mutations and possibly gene disruption.

HDR, on the other hand, is a genome-editing strategy that is used to precisely correct a mutation through the use of an externally provided homologous donor sequence. In particular, the synthetic homologous DNA delivered in the cell is used as a template for DNA synthesis, which is a key step to repair the DSB. To note, whereas NHEJ is operative during the entire cell cycle, HDR proteins are expressed in the S and G2 phases, and therefore this repair mechanism is essentially restricted to these phases of the cell cycle [START_REF] Dow | Modeling Disease In Vivo With CRISPR/Cas9[END_REF].

Over the past few years, a variety of CRISPR systems have been engineered to satisfy specific experimental needs. For example variants of Cas9 have been designed with altered PAM specificities, or reduced off-target activity, or that are enzymatically inactivated (dCAS9) [START_REF] Adli | The CRISPR tool kit for genome editing and beyond[END_REF]. dCAS9 is of special interest because rather than genome editing it can be used to manipulate the epigenome, and thereby gene expression, in a controlled manner [START_REF] Brocken | dCas9: A Versatile Tool for Epigenome Editing[END_REF].

With the present technology, CRISPR-Cas9 genome editing that renders primary fibroblasts suitable for mechanistic analysis remains technically unfeasible. Indeed, most CRISPR-Cas9 editing workflows involve monoclonal cell isolation to ensure that the phenotypic experiments are performed using a uniform, genetically identical, population of cells. However, primary fibroblasts are not amenable to clonal expansion upon genome editing since they do not grow as isolated single cells, and even if this happens, they cannot proliferate indefinitely, and therefore, they may undergo senescence during clonal expansion and screening, or during amplification for successive molecular analyses. To overcome this technical limitation, the direct use of a pool of CRISPR-Cas9 edited cells, rather than isolated edited cells, has been proposed. For this, it is necessary to obtain a sufficiently high editing efficiency, so that a large proportion of cells in the pool contain the desired modification, and in all copies of the target locus [START_REF] Martufi | Single-Step, High-Efficiency CRISPR-Cas9 Genome Editing in Primary Human Disease-Derived Fibroblasts[END_REF]). This approach is relatively successful for gene knockouts (KO) resulting from out-of-frame insertions and/or deletions (indels) generated by NHEJ, whereas it is not suitable for inserting precise modifications through HDR.

We thus used CRISPR-Cas9 to correct the CSB mutation in immortalized CS1AN-SV and, conversely, introduce CSB mutations in immortalized MRC5-SV control cells (Fig. 16a).

This technology was not familiar to the lab, but I could rely on the experience on CRISPR-Cas9 in the department (in particular with the help of Dr. Nicola Festuccia, Pablo Navarro lab) where this technology was prevalently applied to rapidly dividing mouse embryonic stem cells (ESCs). MRC5-SV and CS1AN-SV are fibroblasts derived from a healthy individual and a CS-II patient, respectively, that have been transformed with the SV-40 virus. CS1AN-SV is hemizygous for CSB having retained a single CSB allele after immortalization [START_REF] Troelstra | ERCC6, a member of a subfamily of putative helicases, is involved in Cockayne's syndrome and preferential repair of active genes[END_REF]. This allele carries an A to T transversion at position 1009 (A1009T) leading to a premature stop at amino acid 337, encoding a protein of 336 aa (instead of 1493 aa in the WT).

Editing consisted in restoring an A at position 1009, to generate a heterozygote phenotype that is known to be normal. The converse A>T editing (insertion of mutation) was planned in the CSB fragments predicted in other CS patients (Fig. 16c). Indeed, patient CS13PV (CS-I) is predicted to express a CSB polypeptide that contains 356 amino acids [START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF].

Patients V12, V13 and V7 (CS-II) code for a 367 amino acid CSB polypeptide (344 of which align with WT CSB) [START_REF] Falik-Zaccai | Cockayne syndrome type II in a Druze isolate in Northern Israel in association with an insertion mutation in ERCC6[END_REF]). The polypetptide obtained through editing has the same length as the one expressed in the CS2PV (CS-I) patient, and the two alleles differ by the last 23 aa [START_REF] Colella | Alterations in the CSB gene in three Italian patients with the severe form of Cockayne syndrome (CS) but without clinical photosensitivity[END_REF]. The alignment of truncated CSB expressed in CS patients and MRC5-SV CSB-/-#1 and MRC5-SV CSB-/-#2 clones is shown in Fig. 16c. In summary, the first allele in the both edited MRC5-SV CSB+/-clones corresponds exactly to the aimed mutation, and the second allele contains a CSB mutation that is a reasonable approximation of mutations reported in pathology, and which obviously led to CSB impairment.

The use of two independent clones (MRC5-SV CSB-/-#1 and MRC5-SV CSB-/-#2) for future studies in the isogenic CS MRC5-SV models aims to correct for differences that could be due to a specific clonal event. Whether these two clones are independent CRISPR-editing events will be further evaluated with whole-exome sequencing, in which we will assess differences in potential CRISPR off-target events.

As expected, upon introduction of the CSB c.1009A>T and 1004_1016del mutations in MRC5-SV CSB-/-#1 and MRC5-SV CSB-/-#2, we did not detect full-length CSB expression. We conversely detected full-length CSB protein in CS1AN-SV CSB+/-#1, as expected by correction of the pathogenic mutation (Fig. 16d).

DNA sequencing of the targeted CSB region in further MRC5-SV CRISPR-edited clones showed more than two types of mutations per clone. This result could be explained by either 1) a mixed clonal population or 2) MRC5-SV cells containing more than two copies of the CSB gene. In agreement with the second hypothesis, and consistent with chromosomal abnormalities frequently reported in SV40 immortalized cells [START_REF] Lehman | Karyology and tumorigenicity of a simian virus 40transformed Chinese hamster cell clone[END_REF], analysis of the CSB copy number in original MRC5-SV cells, using qPCR of genomic DNA, showed that these cells code for four copies of CSB (Fig. 16e). We reasoned that we successfully edited all the four alleles, but with the two distinct mutations indicated above. This result makes sense as editing all the four alleles with the homozygous c.1009A>T mutation is quite unlikely, since several rounds of CRISPR-editing are needed to trigger multiple HDR events to cover all alleles. Further CRISPR/Cas9 editing of these clones to replace the unexpected mutation (1004_1016del) with a c.1009A>T mutation, are unfeasible because the PAM sequence required for CRISPR recognition has been modified by the previous editing. 1971_ 1974dupTGTC (Troelstra et al. 1992;[START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF][START_REF] Falik-Zaccai | Cockayne syndrome type II in a Druze isolate in Northern Israel in association with an insertion mutation in ERCC6[END_REF][START_REF] Colella | Alterations in the CSB gene in three Italian patients with the severe form of Cockayne syndrome (CS) but without clinical photosensitivity[END_REF] 

Characterization of MRC5-SV and CS1AN-SV isogenic CS pairs

UV sensitivity

To functionally validate the CRISPR-edited cells, we assessed the activity of the TC-NER pathway that is active in WT cells and deficient in CSB-depleted cells. The latter are, therefore, hypersensitive to UV and display reduced survival after irradiation.

Cell survival was determined after UV irradiation (5-10J/m 2 ). In collaboration with Dr.

Clément Crochemore, post-doc, and thanks to the help of the Alain Sarasin lab, at Gustave Roussy, I established in the lab this procedure that is currently used for diagnostic purposes. As expected, MRC5-SV CSB-/-#1 and MRC5-SV CSB-/-#2, that have lost functional CSB, were hypersensitive to UV irradiation, behaving similarly to repair defective CS1AN-SV cells (Fig. 17a). Conversely, CS1AN-SV CSB+/-#1 cells that were reverted for the mutation in one allele (heterozygous individuals appear normal for this parameter) were more resistant to UV than their isogenic counterpart CS1AN-SV (Fig. 17b). These results further confirmed CSB impairment in MRC5-SV CSB-/-#1 and MRC5-SV CSB-/-#2 cells, and expression of functional CSB in CS1AN-SV CSB+/-#1 fibroblasts, thereby the validity of the isogenic cellular models constructed here.

DNA methylation clock

I wanted to assess whether CSB depletion or CSB restoration in the cellular isogenic models leads to the acquirement or reversion, respectively, of markers of accelerated ageing.

Measuring the "molecular age" of a cell is not straightforward despite several molecular hallmarks of ageing have been identified (e.g. epigenetic alterations, mitochondrial dysfunction, senescence). DNA methylation, an epigenetic mechanism involving the addition of a methyl group in the fifth position of a cytosine, is associated with important changes in gene expression, and has been strictly linked to the ageing process [START_REF] Moore | DNA methylation and its basic function[END_REF].

In [START_REF] Salameh | DNA Methylation Biomarkers in Aging and Age-Related Diseases[END_REF]. Theoretically, discrepancy between epigenetic and chronological age identifies individuals who are biologically older or younger than their chronological age. Consistent with this notion, across the developed clocks, there is a general trend suggesting that increased epigenetic age compared to chronological age is associated with numerous adverse health outcomes [START_REF] Oblak | A systematic review of biological, social and environmental factors associated with epigenetic clock acceleration[END_REF].

Our lab recently performed a genome-wide analysis of the methylome of primary healthy WT, CS, and UVSS patient-derived skin fibroblasts using a microarray-based technique. Analysis of the dataset was then focused on a subset of 391 CpGs that constitute the "skin and blood clock" [START_REF] Horvath | Epigenetic clock for skin and blood cells applied to Hutchinson Gilford Progeria Syndrome and ex vivo studies[END_REF], and is more accurate for fibroblasts than the original, classic pan-tissue clock [START_REF] Horvath | DNA methylation age of human tissues and cell types[END_REF]. This analysis showed a CS-specific epigenetic age acceleration for CS-I and CS-II compared to their chronological age at death or latest report, indicating that CS patients display an extremely accelerated ageing [START_REF] Crochemore | Epigenomic signature of the progeroid Cockayne syndrome exposes distinct and common features with physiological ageing[END_REF]).

These experiments had been performed in primary cells, and there are no indications that the epigenetic clock is functional in SV-40 immortalized cells. We nevertheless tested the epigenetic clock in SV-40 immortalized cells aiming to assess whether CSB loss results in an acceleration of the clock also in these cells. For this we used the DNAge Epigenetic Clock by Zimo Research which incorporates several hundreds of age-associated loci including the Horvath clock [START_REF] Chew | A High-throughput Targeted Bisulfite Sequencing-based Analysis for Epigenetic Age Quantification and Monitoring[END_REF]). This method is based on whole-genome bisulfite sequencing that outperforms array-based methods to analyze DNA methylation patterns. As control for the experiment, we used one WT (198VI) and CS-I (CS539VI) patient-derived primary fibroblasts in which epigenetic age has been previously measured with the "skin and blood clock" [START_REF] Crochemore | Epigenomic signature of the progeroid Cockayne syndrome exposes distinct and common features with physiological ageing[END_REF]. As in the previous analysis, results showed an increase epigenetic age acceleration in the primary CS samples compared to healthy controls (Fig. 17c).

To note, we observed an increase of the DNA methylation age in both cells compared to the 

Analysis of the transcriptomic landscape

The complex phenotype of CS is characterized not only by UV-sensitivity, but also progeroid features and severe defects in neuronal development that is difficult to explain solely by DNA damage repair defects [START_REF] Brooks | Blinded by the UV light: How the focus on transcription-coupled NER has distracted from understanding the mechanisms of Cockayne syndrome neurologic disease[END_REF]. It has been previously suggested that altered transcription programs in CS may explain several severe patient characteristics even in absence of UV damage [START_REF] Newman | Cockayne syndrome group B protein (CSB) plays a general role in chromatin maintenance and remodeling[END_REF][START_REF] Wang | Dysregulation of gene expression as a cause of cockayne syndrome neurological disease[END_REF][START_REF] Vessoni | Cockayne syndrome-derived neurons display reduced synapse density and altered neural network synchrony[END_REF];

Vélez-Cruz and Egly 2013).

In this context, we very recently performed transcriptomic (RNAseq) analyses to identify gene expression changes that are specific to the CSB mutation and are not affected by different genetic backgrounds. Indeed, this is the first transcriptomic analysis of CS samples carried out in isogenic conditions that mimic physiological CSB levels. Previous CS transcriptomic studies had either been done in non-isogenic cells [START_REF] Vessoni | Cockayne syndrome-derived neurons display reduced synapse density and altered neural network synchrony[END_REF][START_REF] Epanchintsev | Cockayne's Syndrome A and B Proteins Regulate Transcription Arrest after Genotoxic Stress by Promoting ATF3 Degradation[END_REF]Okur, Fang, et al. 2020a) and/or using CSB protein complementation strategies, leading to CSB overexpression, that has been rather associated with hyperproliferation and cancer [START_REF] Newman | Cockayne syndrome group B protein (CSB) plays a general role in chromatin maintenance and remodeling[END_REF][START_REF] Wang | Dysregulation of gene expression as a cause of cockayne syndrome neurological disease[END_REF]). On the other hand, a recent study assessed the transcriptomic landscape of isogenic CRISPR-corrected CS-iPSC, and the corresponding derived mesenchymal (MSCs) and neural stem cells (NSCs) [START_REF] Wang | Rescue of premature aging defects in Cockayne syndrome stem cells by CRISPR/Cas9-mediated gene correction[END_REF]. However, this last study analyzed samples under UV treatment or replicative stress, as it often the case for CS studies [START_REF] Epanchintsev | Cockayne's Syndrome A and B Proteins Regulate Transcription Arrest after Genotoxic Stress by Promoting ATF3 Degradation[END_REF].

We assessed the transcriptomic profile of isogenic CSB-deficient versus CSB-proficient MRC5-SV or CS1AN-SV cells by RNA-sequencing. Sequencing and the following data analyses have been performed in collaboration with the Biomics Platform at Institut Pasteur and with the help of Clément Crochemore, post-doc in the lab.

In a first non-supervised approach, a principal component analysis (PCA) of global transcriptomic data (Fig. 19a) showed that samples mainly cluster together the according to the cell line. Indeed, the first principal component (PC1) that accounts for 99.6% of the data variability, revealed a clear separation between MRC5-SV and CS1AN-SV lines. On the contrary, PC2, that displayed the less variance (1.65%), appeared to describe the impact of the CSB mutation, since CSB-proficient cells cluster together along this axis, and this is also the case for CSB-deficient cells. This preliminary analysis suggests the occurrence of a unique differential (+CSB vs -CSB) expression pattern in each skin fibroblast cell line, thereby reinforcing the need of isogenic models to assess defects caused by the CSB deficiency.

We then individually explored the PCA in the two different cell lines. In both cases (CS1AN-SV, Fig. 19b; MRC5-SV, Fig. 19c), we observed that the prevalent data variance, represented by the PC1 axis (CS1AN-SV: 94.19%; MRC5-SV: 65.9%), was correlated to the presence/absence of CSB, whereas only a small part of the data variance (PC2 ; CS1AN-SV:

3.01% ; MRC5-SV: 13.45%) was linked to different biological replicates.

For the MRC5-SV cell line (Fig. 19c), in which two different CRISPR-edited clones (MRC5-SV CSB-/-#1 and #2) have been analyzed, the biological replicates are separated along the PC2 axis. In this axis the two individual clones did not cluster separately, suggesting that clonal events do not or poorly influence the transcriptomic profile observed in CSB-deficient cells. Consequently, the two CSB-deficient clones have been merged in the subsequent differential expression analysis. As a preliminary and a first investigation, we assessed common DEGs shared between CSB-deficient CS1AN-SV and MRC5-SV CSB-/-#1 #2 cell lines, in order to identify genes that are consistently altered in these fibroblasts, and in a genetic background-independent manner.

These genes are expected to be relevant for further functional investigation of their mechanistic role in the CS phenotype. We identified 74 up-and 9 down-regulated genes shared between the two conditions (Fig. 20a Among commonly altered genes, EEF1A2 displays one of the most significant alterations (higher log2 fold-change with significant p-value) in both CSB-deficient MRC5-SV CSB-/-#1 #2 and CS1AN-SV cells (Fig 20a). Moreover, manual interrogation of other CS transcriptomic databases shows that this gene is also altered in CS SV40-immortalized cells, CS iPSC-derived neurons, and CS post-mortem brain tissue [START_REF] Wang | Dysregulation of gene expression as a cause of cockayne syndrome neurological disease[END_REF][START_REF] Vessoni | Cockayne syndrome-derived neurons display reduced synapse density and altered neural network synchrony[END_REF]Okur, Fang, et al. 2020a), data not shown. Interestingly, in a recent genome-wide analysis of the methylome of primary healthy WT, CS, and UVSS patient-derived skin fibroblasts carried out in the lab, a CpG in the EEF1A2 gene was hypomethylated, potentially explaining changes in its expression [START_REF] Crochemore | Epigenomic signature of the progeroid Cockayne syndrome exposes distinct and common features with physiological ageing[END_REF].

The EEF1A2 gene encodes the eukaryotic translation elongation factor 1 (eEF1A)-alpha 2, a protein that plays a key role in protein synthesis by delivering aminoacyl-tRNAs to the ribosome in a GTP-dependent manner [START_REF] Soares | Structural models of human eEF1A1 and eEF1A2 reveal two distinct surface clusters of sequence variation and potential differences in phosphorylation[END_REF]). Also, eEF1A2 has been reported to have several non-canonical properties, such as suppression of apoptosis and cytoskeletal regulation [START_REF] Potter | ThewstGene Regulates Multiple Forms of Thymocyte Apoptosis[END_REF][START_REF] Abbott | eEF1A2 and neuronal degeneration[END_REF]). In contrast with the other isoform of eEF1A (eEF1A1) that is expressed ubiquitously, eEF1A2 is tissue-specific, being mainly expressed in neurons and muscles [START_REF] Lam | Novel de novo EEF1A2 missense mutations causing epilepsy and intellectual disability[END_REF]). eEF1A2-depleted mice exhibit severe neurodegeneration, muscle wasting, and death by 28 days [START_REF] Chambers | The lethal mutation of the mouse wasted (wst) is a deletion that abolishes expression of a tissue-specific isoform of translation elongation factor 1alpha, encoded by the Eef1a2 gene[END_REF]. In humans, evidences link dominant EEF1A2 mutations to extensive neurological deficits, including globe developmental delay, intractable epilepsy, severe intellectual disability, hypotonia, and autistic behavior [START_REF] Nakajima | De novo EEF1A2 mutations in patients with characteristic facial features, intellectual disability, autistic behaviors and epilepsy[END_REF][START_REF] Long | EEF1A2 mutations in epileptic encephalopathy/intellectual disability: Understanding the potential mechanism of phenotypic variation[END_REF]).

In the future we will analyze whether EEF1A2 upregulation leads to increased protein content and whether it plays a role in CS-related defects. Moreover, we will select and analyze additional DEGs in common between CSB-deficient CS1AN-SV and CSB-deficient MRC5-SV. On the other hand, gene set enrichment analysis (GSEA) will be performed to identify over-represented sets of genes in CSB-deficient cells, such as those involved in specific signaling pathways.

In 

Introduction of two different CSB mutations in BJ-5ta-hTERT WT cells

To create complementary CS isogenic models, we aimed to introduce the c.1009A>T mutation in WT BJ-5ta human skin fibroblasts immortalized with the human telomerase reverse transcriptase (hTERT). This cell line does not display transformed phenotypes [START_REF] Jiang | Telomerase expression in human somatic cells does not induce changes associated with a transformed phenotype[END_REF]). In addition, senescence can be triggered in these cells, allowing the study of the relationship between HTRA3/CTSB expression and senescence in an isogenic CSBproficient/CSB-deficient model. Therefore, the BJ-5ta-hTERT models, that are immortalized but have features of normal differentiated cells, would complement the previous isogenic models (MRC5-SV and CS1AN-SV), additionally generating the CSB deficiency/proficiency in a third, distinct genetic background. Finally, these cells have been described to have a normal karyotype [START_REF] Pirzio | Human fibroblasts expressing hTERT show remarkable karyotype stability even after exposure to ionizing radiation[END_REF]), and we expect them to carry two CSB alleles. These expected functional parameters will be assessed in the BJ-5ta hTERT cells used for these experiments, that we purchased from ATCC (CRL-4001).

In the BJ-5ta hTERT cells we also aimed to insert the CSB mutation of a UVSS patient (UVS1KO) that carried a C to T homozygous mutation was at position 229 (c.229C>T) [START_REF] Horibata | Complete absence of Cockayne syndrome group B gene product gives rise to UV-sensitive syndrome but not Cockayne syndrome[END_REF]). This transition generates a nonsense TGA codon that truncates the protein at the amino acid position 77. Thus, we aimed to generate two alternative CSB mutations reported in patients with either CS or the non-progeroid UVSS, in the same genetic background.

HDR efficiency has been demonstrated to be low in primary fibroblasts (Pinzon-Arteaga (single-cell clones) but also from the harvest of 10 seeded cells (ten-cell clones) (Fig. 21). With the second approach, if the desired sequence was found in the mixed population (ten-cell clones), a subcloning step should be subsequently done. The growth of the single-cell and tencell clones was done with the help of Benjamin Montagne, technician in the lab.

After sequencing the target region, screening of the sequences derived from ten-cell clones was done with the web-based tool ICE (Inference of CRISPR Edits), which enables robust analysis of rates of CRISPR-Cas9 editing at a specific genomic location using Sanger data. Indeed, the Sanger sequencing of the ten-cell clones produced mixed chromatograms that result from different CRISPR-edits. The ICE algorithm deconvolutes the mixed chromatograms, and provides a percentage of 1) non-modified alleles, 2) modified alleles carrying indels, and 3) alleles modified through HDR events (Fig. 21). In support of the robustness of this procedure, prediction obtained with the ICE software strongly correlate (R 2 = 0.96 or higher) with experimental sequencing through Next Generation Sequencing (NGS) [START_REF] Hsiau | Inference of CRISPR Edits from Sanger Trace Data[END_REF]. This correlation has been shown upon analysis of thousands of edits, performed in multiple experiments, and comparing the robustness and accuracy of the ICE analysis with NGS.

Analysis of a total of 48 samples, each derived from ten-cell clones, showed good NHEJ rates (54.1% for the c.1009A>T gRNA, and 22.27% for the c.229C>T gRNA), but no HDR event (Fig. 22a). Results were similar for the screening of further 55 single-cell clones, that resulted in NHEJ frequencies of 48.5 % for the c.1009A>T gRNA, and 26.31% for the c.229C>T gRNA), again with no HDR event detected.

The second clone (BJ-5ta CSB-/-hTERT #2; c.238_239insT), obtained with the gRNA for the c.229C>T mutation, also likely resulted from a NHEJ event, and consisted in the introduction of a T at position 239 of the CSB gene (Fig. 22 b andc). The resulting reading frame shift was predicted to generate a CSB polypeptide of 85 aa, i.e. 9 aa more than the polypeptide predicted to be expressed in the UVS1KO patient (Fig. 23b). Of these 9 amino acids, the last 5 did not align with the WT protein.

The BJ-5ta CSB-/-hTERT #2 mutation (resulting in a 85 aa polypeptide with 80 aa in common with the WT protein), apart from being similar to the UVSS mutation, is rather similar to mutations found in three other CS patients that display different severities of the disease.

Indeed, patients CS18BR (CS-I, homozygote mutation), CS784VI (CS-I, heterozygote mutation) and KPSX6 (CS-III, homozygote mutation) carried mutations leading to the expression of polypeptides with 71/82 aa, 68/79 aa, and 76/81 aa, respectively, that align with the WT protein [START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF][START_REF] Laugel | Mutation update for the CSB/ERCC6 and CSA/ERCC8 genes involved in Cockayne syndrome[END_REF][START_REF] Hashimoto | Adult-onset neurological degeneration in a patient with Cockayne syndrome and a null mutation in the CSB gene[END_REF], Fig. 23. Since to date there is there is no direct correlation between the type of CSB mutation and the clinical phenotype, it must be further assessed whether these BJ-5ta-hTERT clones KO for CSB recapitulate CS molecular and cellular defects.
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In summary, I generated two CRISPR-edited BJ-5ta-hTERT clones (BJ-5ta CSB-/-hTERT #1 and BJ-5ta CSB-/-hTERT #2) that we believe are suitable models for mechanistic studies by comparison with their WT counterpart. Except the editing, all these cells are expected to share the same genotype. These isogenic models are relevant because they contain two different homozygous mutations, located in different parts of the CSB gene, both leading to early truncations upstream the acidic domain of the CSB protein, and both being very similar to mutations found in CS patients. In one case the mutation also corresponded to a UVSS patient.

The repair events extrapolated from sequencing indicate that is extremely unlikely to introduce a precise modification in BJ-5ta-hTERT cells, since HDR events are very infrequent, at least with the established CRISPR-Cas9 pipeline and our present screening capacity. To overcome this difficulty, one possibility is to increase the frequency of HDR events using previously described approaches (Riesenberg and Maricic 2018) that consist in either inhibiting NHEJ (e.g. suppressing one of the following NHEJ factors: DNA ligase IV, KU7, 53BP1, polymerase Ɵ ) or, alternatively, activating HR (e.g. using/expressing the RAD51 agonist or synchronizing the cells in the S-G2 phases). However, the use of these approaches requires previous optimization for each particular cell line and does not guarantee successful integration of the desired sequence by HDR. Given the time limitation, at least for my project, we reasoned that the established BJ-5ta-hTERT CSB KO cells are reasonably good models for mechanistic studies. We would rather invested in generating additional CS models that provide the possibility of assessing disease-related readouts, like iPSCs and iPSC-derived cells and organoids, that will be discussed in the next section.

To note that further characterization of the isogenic CSB-proficient/CSB-deficient BJ-5ta-hTERT cells is included in the manuscript in preparation in chapter 1 (Fig. 7). This includes the levels of CSB (which confirm CSB KO for BJ-5ta CSB-/-hTERT #1 and BJ-5ta CSB-/-hTERT #2), and members of the HTRA3/CTSB/POLG1 axis.

Editing BJ iPSCs to introduce a point mutation in CSB

We next thought to CRISPR/Cas9-editing iPSCs obtained by reprogramming BJ fibroblasts [START_REF] Nassor | Long Term Gene Expression in Human Induced Pluripotent Stem Cells and Cerebral Organoids to Model a Neurodegenerative Disease[END_REF]) (named iPSC BJ hereafter) that were available through a collaboration with Yates's lab, Sup'Biotech. These collaborators also trained our team on how manipulate and grow these cells. The original BJ fibroblasts are interesting because they are commercially available, their genome has been fully sequenced (ATCC, CRL-2522), and they have been used for a number of studies in the literature. The development of isogenic CS iPSCs is of special interest because they can be derived into different cell types, which is crucial to develop cell types in which the disease manifests defects, and are not accessible from the patient. Our collaborators are also expert in the generation of cerebral organoids (also known as neuroectodermal organoids). Cerebral organoids are self-assembled three-dimensional aggregates obtained from iPSC, and that are composed of multiple cell types (progenitor, neuronal and glial cells) and display cytoarchitectures resembling the early stages of the embryonic human brain [START_REF] Lancaster | Cerebral organoids model human brain development and microcephaly[END_REF]). The cerebral organoids can reach up to 3-4 mm in size and can be maintained in culture at least up to 12 months.

Using the same CRISPR-Cas9 pipeline as above, we planned to introduce, alternatively the c.1009A>T CS and the c.229C>T UVSS mutations in iPSC BJ. With the help of our collaborators at Sup'Biotech, I screened 30 clones, two of which (iPSC BJ CSB-/-#1, iPSC BJ CSB- /-#2) were homozygotes for the c.1009A>T mutation (Fig. 24a andb), indicating that the expected editing took place through HDR. Successful incorporation of the ssODN in these clones was further confirmed by the detection of the silent mutation in the PAM sequence (Fig. 24b). Western blot analysis confirmed that the introduction of the c.1009A>T mutation led to CSB knockout in iPSC BJ CSB-/-#1 and iPSC BJ CSB-/-#2 clones (Fig. 24c). Unfortunately, only 10 clones for the c.229C>T mutation could be screened, and no HDR events were found. In the future, we plan to repeat these last experiments, using the same stablished CRISPR-Cas9

pipeline, but screening more clones (at least 30).

Wild type BJ-iPSCs and CSB-deficient BJ-iPSC clones were derived into cerebral organoids by Tara Fournier, a PhD student in our lab. Preliminary results show that the CSBdeficient BJ cerebral organoids (BJ CSB-/-#1, BJ CSB-/-#2) have smaller sizes when compared to control BJ at days 14 and 20 after generation (Fig. 24d ande). The extent and type of defects will be further assessed in cerebral organoids at multiple time points. Our preliminary results

suggest that CSB deficiency leads to defects in cerebral organoids growth. Despite molecular alterations displayed in progeroid syndromes are suspected to be implicated also in normal ageing, this notion has not been formally demonstrated. This work demonstrated that the CS-specific defective pathway (HTRA3 overexpression, POLG1 depletion, mitochondrial dysfunction) is recapitulated during replicative senescence of normal human primary fibroblasts. We also showed that replicative senescence is triggered by CSB downregulation, which is dependent on histone H3 hypoacetylation of its promoter. We demonstrated that in proliferating cells CSB occupies the promoter of the major effector of replicative senescence, p21 Waf1 , whereas CSB depletion results in the exposure of this promoter to activation by other factors, leading to replicative senescence. CSB depletion is thus the earliest trigger of replicative senescence defined to date, acting upstream of p21. Taken together, these findings establish a CSB/p21 axis that acts as a barrier to replicative senescence and link a progeroid factor with human physiological ageing.

CSB-deficient (BJ

My main contribution to this study was to assess whether CSB downregulation and HTRA3 overexpression were specific to the DNA-damage response (DDR)-dependent/p21 Waf1 senescence pathway. To do this we followed two approaches, one was to study whether HTRA3 overexpression and CSB downregulation were recapitulated by activation of the DDRdependent/p21 Waf1 senescence pathway through irradiation, whereas in the previous experiments this pathway has been triggered via replicative senescence of primary fibroblasts.

The second approach was to induce senescence in a DDR-independent manner through activation of the p16 Ink4 pathway, and then check the recapitulation of CS-specific defects.

Induction of the DDR-dependent/p21 Waf1 pathway through irradiation leads to CSB depletion and HTRA3 overexpression

To trigger the DDR-dependent/p21 Waf1 pathway, early passage IMR-90 fibroblasts (PN17) were irradiated [START_REF] Coppé | Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor[END_REF]. Analysis of the cells 10 days after irradiation showed an increased number of g-H2AX and 53BP1 foci, which label DNA damage (Popp et al. 2017), in irradiated fibroblasts (Fig. 25a-c). DSB labelling remarkably correlated with a dramatic increase in the fraction of SA-β-galactosidase positive cells, which confirmed the occurrence of senescence (89.2 ± 2.3% compared to non-irradiated cells 2.7 ± 1.1%; Fig. 25d).

Senescence was further verified by high levels of p21 (Fig. 25e). Conversely, no change in the levels of the DDR-independent senescence marker p16 were detected (Fig. 25e), including at earlier and later time points (Fig. 25f). p16 post-IR activation has been observed in another study on IMR-90 cells at a later PN, and which displayed apparently lower basal levels of p16 before irradiation than in our case (Noren Hooten and Evans 2017). Importantly, we observed CSB depletion, and increased HTRA3 and HTRA2 levels upon irradiation (Fig. 25e), as it was the case for replicative senescence. It was noteworthy that decreased POLG1 levels were not detected after irradiation (Fig. 25e), suggesting that the levels of the mitochondrial DNA polymerase are dependent not only on DDR-dependent replicative senescence. This was also the case for non-senescent cells kept at confluence for 1-2 days, which displayed nevertheless reduced levels of POLG1 (see full article in Annex 1, supplementary Fig. 2b). POLG1 levels seem therefore to depend also on other conditions than senescence, possibly linked to the metabolic activity. Taken together, these data show that CS-specific defects are essentially recapitulated upon induction of the DDR-dependent/p21 Waf1 senescence pathway through irradiation.

of drug withdrawal. Senescence was verified by a dose-dependent increase of the fraction of SA-β-galactosidase positive cells compared to untreated cells (Fig. 26b). Palbociclib treatment did not result in increased g-H2AX and 53BP1 immunostaining, confirming that it induces senescence in a DDR-independent manner (Fig. 26 c-e) [START_REF] Guan | Stromal Senescence By Prolonged CDK4/6 Inhibition Potentiates Tumor Growth[END_REF]. Contrary to what we reported in replicative senescence, all concentrations of palbociclib led to increased CSB and decreased HTRA3 mRNA levels at all concentrations (Fig. 26f andg). WB analysis confirmed increased CSB levels and showed unaffected HTRA3 protein levels despite reduced transcription (Fig. 26h andi). As expected, we did not observe increased levels of p16 Ink4 transcript or protein, since palbociclib acts downstream of p16 (Fig. 26h andi).Upon palbociclib treatment, p21 RNA and protein were upregulated, in agreement with a previous study [START_REF] Bonelli | Combined Inhibition of CDK4/6 and PI3K/AKT/mTOR Pathways Induces a Synergistic Anti-Tumor Effect in Malignant Pleural Mesothelioma Cells[END_REF]. Taken together, these data indicate that p16-dependent senescence does not correlate with CSB depletion and HTRA3 overexpression, as it was the case for DDRdependent/p21 replicative senescence.

DISCUSSION

CS-specific defects are recapitulated during cellular senescence

The field of physiological ageing is expected to take advantage from the study of progeroid syndromes, that are rare genetic disorders resembling some features of accelerated ageing (Kipling et al. 2004). Indeed, cellular and molecular hallmarks of physiological ageing such as cellular senescence, epigenetic alterations, and telomere dysfunction have been shown

to be recapitulated in precocious ageing models [START_REF] Kubben | Shared molecular and cellular mechanisms of premature ageing and ageing-associated diseases[END_REF]. Some of the bestknown examples of progeroid syndromes are Hutchinson-Gilford progeria syndrome (HGPS), the Werner syndrome (WS), and Cockayne syndrome. A relevant advantage of studying these genetic syndromes with the aim of elucidating also potential mechanisms of ageing is that they are monogenic. This condition facilitates unravelling the role of the mutated gene in a given mechanism or defect, and provides key information to assess the contribution of this mechanism or defect to regular ageing. It remains to be elucidated whether this is the case for single or a few or most molecular defects in progeroid syndromes.

In the study described in chapter 3, we unveiled a role of CSB, the protein that is mutated in most CS patients, in protecting human primary fibroblasts from DDR-dependent replicative senescence, via downregulation of p21, the major effector of replicative senescence. These results link a progeroid factor to a process that contributes to physiological ageing. The pathway that we discovered points to CSB as a relevant functional anti-ageing regulator. Moreover, we have shown that CS specific defects, namely HTRA3 overexpression and POLG1 depletion, are recapitulated during DDR-dependent replicative senescence of human primary fibroblasts.

Our results indicate that CSB depletion and subsequent HTRA3 overexpression in replicative senescence are specific to the DDR/p53/p21 pathway. Indeed, these alterations are also activated by radiation (i.e.DDR)-induced senescence), and are not recapitulated in the DDRindependent/p16 senescence pathway. The role of HTRA3 during replicative senescence should be addressed in future studies, including whether HTRA3 downregulation delays cellular senescence.

Cellular senescence probably participates in the precocious ageing phenotype observed in CS. This is in agreement with previous results showing premature senescence of patientderived CSA-mutated keratinocytes [START_REF] Cordisco | Cockayne Syndrome Type A Protein Protects Primary Human Keratinocytes from Senescence[END_REF]). Future studies should address at which extent premature senescence defects are correlated with and participate to the severity of CS. Moreover, it remains to be elucidated whether CSA is implicated in the same senescence pathway as CSB. The study of the senescence status of UVSS cells, that do not display the HTRA3/POLG1/mitochondrial defect (Chatre et al. 2015), could help understanding of the lack the progeroid phenotype in these patients.

Altogether, this study established a CSB/p21 axis that acts as a barrier to replicative senescence, and linked a progeroid factor with the process of physiological ageing in human.

Model for POLG1 degradation in CS and cellular senescence

Classically, all CS defects have been attributed to the defect in DNA repair since CSA and CSB were originally described as TC-NER DNA repair proteins However, cells from UVSS patients also lack TC-NER, but these patients do not suffer from the precious ageing and neurodegeneration that characterize CS. Therefore, the TC-NER defect readily explains the photosensitive phenotype that is common to CS and UVSS, but not necessarily the other defects of CS. In this context, the last decade of research has shown that CSA and CSB are multifunctional proteins, playing a role, among others, in transcription and chromatin remodeling [START_REF] Bradsher | CSB is a component of RNA pol I transcription[END_REF][START_REF] Okur | Cockayne syndrome group A and B proteins function in rRNA transcription through nucleolin regulation[END_REF][START_REF] Citterio | ATP-dependent chromatin remodeling by the Cockayne syndrome B DNA repair-transcription-coupling factor[END_REF].

The lab previously showed DNA repair-independent CS-specific defects that rely on the degradation of the catalytic subunit of the DNA polymerase γ (Pol γ), the enzyme responsible for the replication and maintenance of mitochondrial DNA (mtDNA) in animal cells (Kaguni and Oliveira 2016). POLG1 degradation was dependent on the overexpression of the serine protease HTRA3, and reduced POLG1 levels in turn affected mitochondrial function.

Overexpression of HTRA3 was promoted by unbalanced nitroso-oxidative stress in CS cells.

Scavenging both reactive oxygen and nitrosative species rescued HTRA3 and POLG1 levels, and mitochondrial OXPHOS in CS-patient derived cells, with implications for a possible treatment for CS. This defective mechanism was absent in UVSS cells that did not display the combined increase of ROS/RNS levels, thereby uncoupling the DNA repair impairment that occurs in these cells, from the defective HTRA3/POLG1 axis. Moreover, we recently demonstrated that the CS-specific HTRA3/POLG1/mitochondrial alterations are recapitulated during replicative senescence of normal cells ( (Crochemore et al. 2019); chapter 3 of this thesis).

The present study aimed to assess the mechanism of HTRA3-dependent POLG1 degradation in CS and senescence. This question is relevant not only for CS but also to identify the regulation of POLG1 homeostasis in normal cells. It should be noted that also HTRA2 was overexpressed in CS cells, but we did not further assess its putative role in POLG1 degradation since HTRA2 was also overexpressed in UVSS cells, where POLG1 was not depleted.

However, we cannot exclude that HTRA2 plays a role in POLG1 degradation, perhaps in combination with HTRA3.

HTRA3-dependent POLG1 degradation rapidly appeared to be more complex than a direct protease/target degradation. Indeed, previous mass spectrometry analyses carried out in the lab on CS as well as normal cells excluded direct interaction between HTRA3 and POLG1:

HTRA3 was not found as a putative interactor of POLG1 and vice versa. Conversely, data indicated that a single protease, namely CTSB, a member of the family of lysosomal cysteine proteases, interacted with POLG1.

Results in the present study show that the CTSB protease plays a central role in the process of POLG1 degradation not only in CS cells but also in WT cells, at least during replicative senescence. More specifically, the data presented here show that CTSB is directly responsible for POLG1 degradation. Interaction of active CTSB with both POLG1 and HTRA3

was confirmed with co-immunoprecipitation experiments in both in CS and WT cells. For WT cells this result was not granted given the much lower content of this protease than in CS cells (Crochemore et al. 2019). Moreover, a direct association of the CTSB protease with POLG1 degradation was demonstrated by CTSB silencing, which resulted in increased levels of POLG1 in WT cells and to a large extent in CS cells. Similarly to HTRA3, CTSB also accumulated during DDR-dependent senescence, suggesting a tight regulatory link between these two proteins.

Our present data indicate that HTRA3 acts as a chaperone to stabilize CTSB. HTRA3 belongs to a family of proteases/chaperons and the chaperone-like activity of HTRA3 was recently reported [START_REF] Wenta | HtrA3 is a cellular partner of cytoskeleton proteins and TCP1α chaperonin[END_REF]). Stabilization of CTSB was initially suspected from the observation that the largest differences in CTSB levels between WT and CS cells appeared at the protein rather than mRNA level. These data suggested a stabilization of the CTSB protein rather than its mRNA in CSB-deficient cells. This hypothesis was confirmed with HTRA3 ablation experiments, which led to decreased CTSB protein content without affecting mRNA levels. Moreover, HTRA3 overexpression correlated with high CTSB protein levels and increased post-translational stability of this protein. These results suggested a partnership of a protease/chaperone (HTRA3) stabilizing another protease (CTSB), that is in turn responsible for cleaving the target (POLG1). This partnership is different from well-known protease/chaperone proteolytic complexes, such as ClpXP, in which the chaperone protein (ClpX) has no proteolytic function (carried by the ClpP partner). It is also different from the LONP1 protease that carries the proteolytic as well as the chaperone activity in the same molecule (a scheme of ClpXP and LONP1 proteins can be found in the introduction, section 3).

Altogether our data point to the presence of a CTSB/HTRA3 protein complex in CS cells and also in WT cells. In WT cells CTSB and HTRA3 specifically accumulate during senescence, in which the complex leads to POLG1 degradation. We should also consider the possibility that the CTSB/HTRA3 complex targets other proteins than POLG1, and these proteins may also affect the CS phenotype or senescence. In this context, a broader analysis of additional targets of this complex and their relevance to the CS phenotype/senescence should be performed in the future. essentially in mitochondria (Beleford, Rattan, et al. 2010). To justify the presence of a CTSB/HTRA3 complex in mitochondria, it was then necessary to show the mitochondrial localization of CTSB.

Had we limited our analysis to the universally used method to isolate mitochondria, i.e.

subcellular fractionation, we would have concluded that CTSB is present essentially in mitochondria. However, this fractionation method results in a co-precipitation of mitochondria and lysosomes, consistently with minor differences in sedimentation coefficients of these organelles [START_REF] Van Dijk | A simple procedure for the isolation of lysosomes from normal rat liver[END_REF]). I showed indeed the presence of the lysosomal fraction, using the ad hoc marker LAMP1, in the "mitochondrial" fraction. CTSB is indeed prevalently localized in lysosomes [START_REF] Yadati | The Ins and Outs of Cathepsins: Physiological Function and Role in Disease Management[END_REF]. Due to the difficulty to isolate mitochondria from lysosomes, it was particularly challenging to assess whether CTSB is also present in mitochondria. Finally, I found and implemented in the lab a method that successfully separates lysosomes from mitochondria, namely the OptiPrep density ultracentrifugation. Results using this method showed that CTSB is present in the mitochondrial fractions, and to a larger extent in CS cells than WT cells. These experiments also confirmed the presence of HTRA3 in mitochondria in WT as well as CS cells. Moreover, super-resolution structured illumination microscopy experiments (in collaboration with Audrey Salles, UTechS Photonic BioImaging (Imagopole) Platform, Institut Pasteur) using the Magic Red CTSB substrate that labels CTSB activity, showed colocalization of active CTSB in mitochondria in CS cells and WT cells. This is, to my knowledge, the first report showing CTSB activity in mitochondria.

Previous reports have described an alternatively spliced isoform of CTSB that can be targeted to the mitochondria, namely CTSB (-2,-3). CTSB (-2,-3) encodes a truncated form of the enzyme lacking the signal peptide and part of the inhibitory propeptide, thereby containing a new N-terminal leader sequence that allows its transport to mitochondria rather than lysosomes (Müntener et al. 2004) (see scheme in the introduction, section 3) . This isoform, however, is not likely to be responsible for POLG1 mitochondrial degradation, since 1) it has been previously reported to be inactive [START_REF] Müntener | Folding competence of N-terminally truncated forms of human procathepsin B[END_REF], 2) our data show little amount of CTSB (-2,-3) in mitochondria and, 3) CTSB (-2,-3) transcripts are not overexpressed in most CS patient-derived compared to WT fibroblasts. Consequently, the active canonic forms of CTSB should be operating in mitochondria. Since active CTSB is normally present in lysosomes, we wondered which mechanism governed its transport into mitochondria. To note, the mechanism of transport of HTRA3 into mitochondria is also unknown, despite HTRA3 has been known to be targeted to mitochondria for more than a decade (Beleford, Rattan, et al. 2010).

CTSB, as all lysosomal cathepsins, is synthesized as an inactive enzyme, containing a N-terminal propeptide that serves as a potent reversible auto-inhibitor. CTSB activation is triggered by the acidic pH of the lysosomes (Ishidoh and Kominami 2002). Interestingly, it has been reported that CS cells accumulate lysosomes with ruptured membranes [START_REF] Majora | HDAC inhibition improves autophagic and lysosomal function to prevent loss of subcutaneous fat in a mouse model of Cockayne syndrome[END_REF], suggesting a leakage of mature active CTSB from the lysosomes. We hypothesized that active CTSB leaking from lysosomes is targeted to mitochondria where it degrades POLG1. In line with this hypothesis, induced disruption of the lysosomal membrane with LLOMe resulted in a specific decrease of POLG1 (but not of other matrix proteins like TFAM), both in WT and CS cells. These results point to active CTSB leaking from lysosomes being targeted to mitochondria, where it degrades POLG1.

In the lab, previous experiments of mass spectrometry of the HTRA3-and POLG1interacting proteomes, identified another protein, the small GTPase RAC1, that is possibly involved in the CTSB/HTRA3-dependent POLG1 degradation. This protein resulted interacting with HTRA3 as well as POLG1. Evidences in the literature linked RAC1 and CTSB, since RAC1 induces CTSB-mediated intracellular protein degradation [START_REF] Ahram | Rac1-induced endocytosis is associated with intracellular proteolysis during migration through a three-dimensional matrix[END_REF]. Coimmunoprecipitation experiments in the present project actually showed the RAC1-CTSB interaction. RAC1 protein levels (but not transcript) were consistent with those of its interacting partner, CTSB, upon HTRA3 downregulation and overexpression, suggesting that in addition to CTSB, also RAC1 is also stabilized by HTRA3.

RAC1 silencing in turn reduced the levels of HTRA3 and CTSB. Interestingly, decreased CTSB and HTRA3 protein levels were rapidly compensated by upregulated transcription of these genes (decrease at 36h post-transduction and restoration at 48h posttransduction). Altogether these data indicate that RAC1 is part of the complex that leads to POLG1 degradation. However, the role of RAC1 in POLG1 degradation needs to be further assessed. RAC1 is necessary for the assembly of the NADPH oxidase complex since it induces conformational changes in one of the proteins in this complex (p67phox), allowing its binding to another protein of the complex (gp91phox) (Nguyen, Green, and Mecsas 2017). It is thus possible that RAC1 is required to promote or stabilize the CTSB/HTRA3 interaction. This can be further assessed by co-immunoprecipitation experiments of CTSB and HTRA3 upon RAC1

knockdown.

An interesting observation is that, differently from CTSB and HTRA3, the RAC1 content was not higher in CS than WT cells. Data rather indicated a CS-specific RAC1 subcellular relocalization, with increased RAC1 levels in mitochondria in CS than WT cells. It should be highlighted that RAC1 effectors play a key role in a large variety of cellular processes, including ROS production, proliferation, and survival. Interestingly, the regulation of RAC1 activity depends on its subcellular distribution since it interacts with different effectors in different cellular compartments (Payapilly and Malliri 2018). Therefore, RAC1 relocalization in CS cells may have multiple functions that extend beyond the participation in POLG1 degradation. The functional consequences of RAC1 mitochondrial relocalization in CS cells, and whether it leads to CS-specific defects should be developed in future studies.

glycolysis/OXPHOS ratio) in all CS cells compared with controls. The mtDNA content and mitochondrial OXPHOS were restored upon rescue of the HTRA3 overexpression and POLG1 depletion by scavenging reactive oxidative and nitrosative species with MnTBAP. Future experiments should address the direct impact of different POLG1 levels on mtDNA levels, mtDNA mutations, and more in general on the mitochondrial function. To note that CS cells also showed alteration of other members of the mtDNA machinery, namely reduced Twinkle helicase, severely depleted mitochondrial single-stranded DNA binding protein (mtSSB) and increased POLG2 levels (Chatre et al. 2015). The effect of these alterations, together with POLG1 depletion, on mtDNA processing and mitochondrial maintenance has not been analyzed.

Model for high HTRA3 and CTSB levels CS and cellular senescence

It remained to elucidate which mechanisms lead to high HTRA3 and CTSB levels (and therefore POLG1 degradation) in CS cells and normal cells during cellular senescence. We showed that high HTRA3 levels are recapitulated in DDR-dependent senescence of normal cells (see chapter 3 of this thesis), that is triggered by the activation of the p21 pathway. In the present study I show high CTSB levels during DDR-dependent senescence, further supporting recapitulation of the defective CS pathway in senescent normal cells.

Another question remained unanswered, namely whether the high HTRA3 and CTSB content in DDR-dependent senescence depend on 1) CSB itself, that is mutated in CS and downregulated in DDR-dependent senescence or 2) other senescence effectors, in particular p21, that previously reported to be transcriptionally activated by decreased levels of CSB (Crochemore et al. 2019) (Fig. 28). To answer this question, I used the isogenic model of CSBproficient/CSB-deficient BJ5-ta hTERT cells (described in chapter 2 of this thesis). Primary cells do not allow addressing this question since decreased CSB levels are themselves a primary trigger of p21 upregulation and replicative senescence (Crochemore et al. 2019). Conversely, a powerful tool for this scope are hTERT immortalized cells that remain sensitive to stressinduced senescence and can mutated for CSB (Gorbunova, Seluanov, and Pereira-Smith 2002).

The hTERT immortalized CSB isogenic models are thus specially interesting because they allow uncoupling the effect of CSB depletion from cellular senescence. Results show that CSB ablation did not increase the levels of either HTRA3 or CTSB, indicating that these proteins are not directly regulated by CSB. Conversely, induction of the p21 pathway of senescence by exogenous stress (irradiation) was sufficient to trigger high levels of HTRA3 and CTSB, demonstrating that their regulation rather depends on senescence. If this mechanism also operates in CS cells, that are deficient in CSB, then CS-specific POLG1 depletion, and the consequent mitochondrial defects, are not directly dependent on CSB itself but rather on senescence. CSB depletion/impairment would act in Cs as a trigger of replicative senescence.

Obviously, this process is fully distinct from the CSB-dependent DNA repair defect in CS cells.

How activation of p21-dependent senescence leads to high HTRA3 and CTSB levels (without a direct role of CSB) remains to be elucidated. The lab previously showed that HTRA3

overexpression in CS cells is dependent on high ROS/RNS levels, and it is rescued upon scavenging of both reactive species with the porphyrin derivative MnTBAP (Chatre et al. 2015).

Moreover, high HTRA3 levels in DDR-dependent senescence decrease upon MnTBAP treatment (Crochemore et al. 2019). It is not known whether MnTBAP also rescues high CTSB levels in CS cells and DDR-dependent senescence of normal cells. p21 overexpression can lead to elevated ROS [START_REF] Masgras | Reactive oxygen species and mitochondrial sensitivity to oxidative stress determine induction of cancer cell death by p21[END_REF][START_REF] Fitzgerald | Reactive oxygen species and p21Waf1/Cip1 are both essential for p53-mediated senescence of head and neck cancer cells[END_REF]), but it is not known whether it can also lead to high RNS levels. ROS are acknowledged to play a role in shaping the epigenetic landscape of the genome [START_REF] Kietzmann | The epigenetic landscape related to reactive oxygen species formation in the cardiovascular system[END_REF]. We hypothesize that ROS/RNS-dependent epigenomic changes trigger overexpression of HTRA3. In line with this notion, epigenetic modulation of HTRA3 expression by DNA methylation has been reported in some cancers [START_REF] Beleford | Methylation induced gene silencing of HtrA3 in smoking-related lung cancer[END_REF]. As a consequence of HTRA3 upregulation, CTSB is stabilized, resulting in high protein levels.

Figure 28. Model for high HTRA3 and CTSB levels in CS and cellular senescence.

Two hypotheses could explain high HTRA3/CTSB levels in CS and cellular senescence (see text). Our data point to the hypothesis number 2. The dashed arrow indicates that it remains to be elucidated whether depleted CSB in CS cells leads to p21 upregulation.

In conclusion, the POLG1 degradation pathway is independent of the best-known DNA repair defect in CS, and rather depend on cellular senescence. This mechanism possibly controls POLG1 homeostasis also in normal, non-senescent cells, but the extent of this process in needs to be further assessed.

Generation of isogenic CSB-proficient/CSB-deficient fibroblasts

The cause of premature ageing features in Cockayne syndrome remains largely unknown despite the underlying mutations are known since decades. Part of the experimental problem resides in the fact that mouse models poorly recapitulate the disease. Mice deficient for Csa or Csb do not display the neurodegenerative phenotype and reduced lifespan observed in CS patients. These mice are photosensitive, but are characterized by only mild nervous system degenerative changes [START_REF] Van Der Horst | Defective transcription-coupled repair in Cockayne syndrome B mice is associated with skin cancer predisposition[END_REF][START_REF] Van Der Horst | UVB radiation-induced cancer predisposition in Cockayne syndrome group A (Csa) mutant mice[END_REF][START_REF] Scheibye-Knudsen | Cockayne syndrome group B protein prevents the accumulation of damaged mitochondria by promoting mitochondrial autophagy[END_REF][START_REF] Gorgels | Retinal degeneration and ionizing radiation hypersensitivity in a mouse model for Cockayne syndrome[END_REF]. A CS rat model has been recently generated that displays myelination defects in the cerebellum that are reminiscent of the situation in CS patients [START_REF] Xu | Rat Model of Cockayne Syndrome Neurological Disease[END_REF]). The rat model, however, does not display other CS neurodegenerative defects like brain calcifications and, importantly, it has not been reported whether the animals have a shorter lifespan. Therefore, despite being a better model for CS neurodegenerative processes, it is still unclear to what extent it recapitulates CS defects, as rodents have different brain structure and composition than humans. On the other hand, patient-derived cells have provided valuable insights into the CS disease mechanism, but mechanistic analyses remain limited by their different genetic backgrounds and because they originate from patients with largely different clinical severity [START_REF] Laugel | Mutation update for the CSB/ERCC6 and CSA/ERCC8 genes involved in Cockayne syndrome[END_REF][START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF]. Therefore, isogenic CS cellular models are needed to separate CSB mutation-dependent alterations from those linked to the genetic background and other factors, and complement existing animal CS models.

Previous CS studies on isogenic conditions have rather used complementation strategies [START_REF] Newman | Cockayne syndrome group B protein (CSB) plays a general role in chromatin maintenance and remodeling[END_REF][START_REF] Scheibye-Knudsen | Cockayne syndrome group B protein prevents the accumulation of damaged mitochondria by promoting mitochondrial autophagy[END_REF][START_REF] Wang | Dysregulation of gene expression as a cause of cockayne syndrome neurological disease[END_REF]).

However, accumulating evidence in the last few years indicates that these strategies may have a flaw since CSB levels need to be tightly controlled in the cell, and uncontrolled levels may result in diverse outcomes. Indeed, CSB overexpression has been linked to some cancers , including kidney and lung cancer, [START_REF] Caputo | The CSB repair factor is overexpressed in cancer cells, increases apoptotic resistance, and promotes tumor growth[END_REF]), and we previously showed that CSB downregulation leads to replicative senescence of normal cells (Crochemore et al. 2019). This notion is highlighted by high CSB levels, resulting from ectopic expression, that do not recapitulate aspects of the physiological condition (e.g. CSB overexpression in CSB-depleted cells did not restore control HTRA3 levels, whereas it does in control CSB-proficient cells (Chatre et al. 2015)). Thus, isogenic CS models that recapitulate physiological levels of CSB are needed.

With this aim, in this project the CRISPR-Cas9 editing system was used to correct the Knudsen et al. 2012;[START_REF] Majora | HDAC inhibition improves autophagic and lysosomal function to prevent loss of subcutaneous fat in a mouse model of Cockayne syndrome[END_REF][START_REF] Alupei | Loss of Proteostasis Is a Pathomechanism in Cockayne Syndrome[END_REF][START_REF] Latini | CSA and CSB proteins interact with p53 and regulate its Mdm2dependent ubiquitination[END_REF]. One further strength of the independent editing of MRC5-SV on one side and CS1AN-SV on the other is the generation of two isogenic pairs, containing the same mutation (and the corresponding WT sequence), but in otherwise different genomic backgrounds (Fig. 29).

Editing CS1AN cells was particularly challenging as these cells are especially sensitive to the clonal isolation. I did overcome this problem with improvement of the recovery and amplification phases. To note, CSB-proficient MRC5-SV cells require CRISPR/Cas9 editing on the two alleles. Upon analysis of results, I realized that the original MRC5-SV cells carried four CSB alleles. Altered genomic content is a common feature of SV-40 immortalised cells [START_REF] Stewart | Expression of SV40 large T antigen, but not small t antigen, is required for the induction of chromosomal aberrations in transformed human cells[END_REF][START_REF] Yamasaki | Genomic Aberrations and Cellular Heterogeneity in SV40-Immortalized Human Corneal Epithelial Cells[END_REF]. Therefore, the CRISPR-cas9 editing process had to be efficient enough to modify all the four CSB alleles to completely knock out CSB expression. I succeeded in obtaining two clones in which all four CSB alleles have been knocked out. These clones contain the targeted c.1009A>T mutation (originally found in CS1AN-SV cells) and also the c.1004_1016del mutation, both generated by the editing process.

Prediction of the CSB product resulting from the c.1004_1016del mutation shows a truncated form resulting from an early stop codon that it is similar in size to CSB truncated forms predicted to be expressed in CS-I and CS-II patients [START_REF] Calmels | Functional and clinical relevance of novel mutations in a large cohort of patients with Cockayne syndrome[END_REF][START_REF] Colella | Alterations in the CSB gene in three Italian patients with the severe form of Cockayne syndrome (CS) but without clinical photosensitivity[END_REF][START_REF] Troelstra | ERCC6, a member of a subfamily of putative helicases, is involved in Cockayne's syndrome and preferential repair of active genes[END_REF][START_REF] Falik-Zaccai | Cockayne syndrome type II in a Druze isolate in Northern Israel in association with an insertion mutation in ERCC6[END_REF]. Functional analyses confirmed the CSB KO in these cells. .

One of the aims of these paradigms was to be able to select alterations specific to the CSB KO in either of the MRC5-SV or the CS1AN-SV background, and then search for common traits. With this analysis we expected to identify molecular alterations specific to the CSB depletion and that are independent on the genetic background.

I also generated isogenic CSB proficient/CSB deficient BJ-5ta hTERT immortalized fibroblasts. Immortalization with hTERT is expected to maintain a normal karyotype. CRISPRediting of BJ-5ta hTERT cells was particularly challenging (Fig. 29), probably because of these cells share many characteristics with primary fibroblasts, including moderate amplification capacity [START_REF] Jiang | Telomerase expression in human somatic cells does not induce changes associated with a transformed phenotype[END_REF]. We aimed to introduce alternatively the CS c.1009A>T mutation (which I also introduced in MRC5-SV cells, see above) or the UVSS c.229C>T mutation in these cells. These alternative CSB mutations have been reported in either a severe CS or a nonprogeroid UVSS patient, respectively. Either editing strategies require a HDR event, as this DNA repair mechanism is necessary to create a precise modification, using the provided ad hoc template sequence. However, HDR events appeared to be infrequent in these experiments. I analyzed a total of 295 and 240 clones for the CS c.1009A>T and UVSS c.229C>T mutations, respectively, but none contained the expected sequence. This was probably due to the fact that hTERT immortalized cells retain a moderate growth/amplification similar to primary cells [START_REF] Jiang | Telomerase expression in human somatic cells does not induce changes associated with a transformed phenotype[END_REF], where HDR events are infrequent [START_REF] Pinzon-Arteaga | Efficient correction of a deleterious point mutation in primary horse fibroblasts with CRISPR-Cas9[END_REF].

Although the expected c.1009A>T and UVSS c.229C>T mutations were not found, this approach allowed isolating two clones, BJ-5ta CSB-/-hTERT #1 and BJ-5ta CSB-/-hTERT #2, resulting from NHEJ repair events, that contain each a different homozygous mutation (c.1008delG for #1, and c.238_239insT for #2). These two mutations are located in different parts of the CSB gene, and both lead to early truncations upstream the acidic domain of the CSB protein. The truncated CSB product predicted to be expressed in BJ-5ta CSB-/-hTERT #1 clone is quite similar to the CSB polypeptides predicted in CS-I and CS-II patients. Similarly, truncated CSB in BJ-5ta CSB-/-hTERT #2 is predicted to be similar to the CSB polypeptides resulting from mutations in patients with very different severities, namely, UVSS, CS-I and CS-III patients. However, Horibata previously reported that the truncated CSB polypeptide was not detected in UVSS1KO cells by Western blot analysis, which was speculated to be due to its unstable nature [START_REF] Horibata | Complete absence of Cockayne syndrome group B gene product gives rise to UV-sensitive syndrome but not Cockayne syndrome[END_REF]). On the other hand, mutant CSB polypeptides were detected in CS1AN-SV cells in the same study. Therefore, there is the possibility that truncated CSB is expressed in BJ-5ta CSB-/-hTERT #1 but not in BJ-5ta CSB-/-hTERT #2 and this needs to be further tested. Nevertheless, as discussed in the introduction, the lack of clear genotype/phenotype correlations for CSB mutations indicates that additional factors that are independent of the site of the mutation might contribute to the severity of the CS phenotype.

Further characterization of the BJ-5ta CSB-/-hTERT #1 and BJ-5ta CSB-/-hTERT #2 could give us clues to whether two different CSB mutations can lead to different alterations in the same genetic background, as discussed below. 

Characterization of isogenic CSB-proficient/CSB-deficient fibroblasts

The CSB mutation/CSB rescue in CRISPR-edited MRC5-SV and CS1AN-SV clones has been functionally validated by assessing cell survival experiments upon UV irradiation (5-10J/m 2 ). These experiments will be complemented with the post-UV recovery of RNA synthesis (RRS) test, which is the gold standard for defective TC-NER repair also in diagnosis [START_REF] Jia | A rapid, comprehensive system for assaying DNA repair activity and cytotoxic effects of DNA-damaging reagents[END_REF]. UV irradiation results in a decrease in RNA synthesis, which is rapidly recovered in normal cells, largely as a consequence of TC-NER pathway [START_REF] Mayne | Failure of RNA synthesis to recover after UV irradiation: an early defect in cells from individuals with Cockayne's syndrome and xeroderma pigmentosum[END_REF]. Consequently, in CS cells RNA synthesis does not recover and remains at a low level.

Cell survival and RSS tests upon UV irradiation will also be done in the isogenic CSBdeficient/CSB-proficient BJ-5ta hTERT cells.

To further characterize the isogenic CSB-proficient/CSB-deficient models, wholeexome sequencing will be done to evaluate potential off-target mutations caused by CRISPR activity. Moreover, assessment of ROS/RNS levels will be performed in CSB-proficient/CSBdeficient MRC5-SV, CS1AN-SV, and BJ-5ta hTERT cells to evaluate whether they are compatible with the levels observed in the patients carrying the same mutation or normal individuals. The ROS/RNS levels are rather high in cells derived from CS patients, whereas only a mild increase in ROS levels was observed in UVSS cells (Chatre et al. 2015) To evaluate whether the CSB KO cells in either the MRC5-SV or CS1AN-SV CS background display signs associated with ageing, one cannot assess senescence as these immortalized cells do not senesce. I planned first to test the epigenetic age of the cells, that can be analyzed using epigenetic clocks that comprise a set of CpG sites [START_REF] Horvath | DNA methylation age of human tissues and cell types[END_REF][START_REF] Salameh | DNA Methylation Biomarkers in Aging and Age-Related Diseases[END_REF]. Our group has recently shown an epigenetic age acceleration in CS primary fibroblasts compared to the chronological age of the patient at death or latest report. In the absence of specific indications in the literature of whether SV-40 immortalized cells can be tested for the epigenetic clock we analyzed these isogenic models, but values were extremely high for all samples, suggesting that these cells are indeed not a reliable system to study the epigenetic clock. Since it has been shown that hTERT-immortalized cells exhibit epigenetic ageing [START_REF] Lu | GWAS of epigenetic aging rates in blood reveals a critical role for TERT[END_REF]), I will next test the epigenetic age of the CSB-proficient/CSB-deficient BJ-5ta hTERT cells. Results can assess whether the two different CSB mutations in the same genetic background lead to a different epigenetic age.

A second characterization of the isogenic models consisted in assessing whether CSB KO cells had altered HTRA3/CTSB/POLG1 axis. Re-expression of CSB in CS1AN-SV cells rescued the HTRA3/CTSB overexpression whereas, strikingly, CSB depletion did not recapitulate these defects in MRC5-SV cells. One explanation is that cells chronically depleted for CSB (as CS1AN-SV cells are) could have developed compensatory mechanisms to keep surviving and actively replicating in the absence of CSB, and these mechanisms may interfere with the pathway analyzed here. Alternatively, the MRC5-SV cells may have not altered the HTRA3/CTSB axis as other CSB-depleted cells do. A third hypothesis is that cells that do not senesce may not upregulate HTRA3 (and consequently CTSB). This hypothesis stems from our studies that linked HTRA3 and CTSB overexpression to the p21 pathway of senescence (chapter 3 of this thesis, and (Crochemore et al. 2019)), which is blocked in SV-40 immortalized cells [START_REF] Choi | Immortalization of Primary Keratinocytes and Its Application to Skin Research[END_REF]. This hypothesis was addressed using the isogenic CSBdeficient/CSB-proficient BJ-5ta hTERT cellular models that maintain the capacity to senesce.

Results are detailed in chapter 1. Briefly, when CSB was mutated, high HTRA3 and CTSB levels were recapitulated in BJ-5ta hTERT cells only upon induction of senescence (see chapter 1), confirming the third hypothesis.

Transcriptomic analyses of isogenic CSB-proficient/CSB-deficient fibroblasts

In order to investigate CSB-dependent gene expression changes in isogenic CSB proficient/CSB deficient MRC5-SV and CS1AN-SV cells, we carried out RNA sequencing analysis. This is the first transcriptome study in isogenic conditions and physiological CSB levels, which studies gene expression changes without UV treatment/stress. Preliminary PCA analyses of transcriptomic data show differences among each CSB-depleted cell type vs its corresponding CSB-proficient isogenic cell type. Indeed, in each isogenic pair, the mutation of CSB refers to most of the variability in gene expression. However, most variance among CSBproficient/CSB-deficient cells concerns the different cell lines (MRC5-SV and CS1AN-SV).

Preliminary analysis of genes with altered expression upon CSB KO indicate some overlaps between the transcriptomes of individual cell lines, but globally the genes affected by CSB depletion in MRC5-SV and CS1AN-SV cells were not invariably the same. Previous transcriptomic analysis also saw a variance of genes affected by CSB mutations in different cell types [START_REF] Wang | Dysregulation of gene expression as a cause of cockayne syndrome neurological disease[END_REF][START_REF] Wang | Rescue of premature aging defects in Cockayne syndrome stem cells by CRISPR/Cas9-mediated gene correction[END_REF]. Authors suggested that CSB deficiency might affect the expression of different genes in different cell types. Our data are consistent with this hypothesis, despite in our study all cells derived from skin fibroblasts, and are therefore relatively homogeneous. Importantly, our data may go a step further, suggesting that CSB affects the expression of different genes in cells with a different genetic background. It should also be considered that MRC5-SV and CS1AN-SV are immortalized cells, and SV-40 immortalization is generally associated with genome alterations that may differ from event to event, possibly influencing gene expression by itself. Finally, we are selecting the common differentially expressed genes in CSB deficient CS1AN-SV and MRC5-SV cells for further investigations. These genes are candidates to play a role in the CS phenotype since they are altered independently of the genetic background. In the future, gene set enrichment analysis will be performed to identify particular signaling pathways dysregulated in isogenic CSBdeficient cells.

Generation of isogenic CSB-proficient/CSB-deficient iPSC and cerebral organoids

In this study, isogenic CSB-proficient/CSB-deficient iPSCs have also been generated, (Fig. 30) in collaboration with the lab of Dr. Frank Yates at Sup'Biotech. More specifically, two clones (iPSC BJ CSB-/-#1, iPSC BJ CSB-/-#2) homozygotes for the c.1009A>T mutation have been obtained through CRISPR-editing. The original iPSC cells in turn were reprogrammed from primary BJ fibroblasts. These isogenic CS iPSCs are a valuable model to study CS molecular and cellular alterations since they can derive different cell types, including those that are particularly affected in the disease and/or are not accessible from the patient, like neurons.

These models are different from those described in previous reports where non-isogenic CS-iPSCs have been generated [START_REF] Andrade | Evidence for premature aging due to oxidative stress in iPSCs from Cockayne syndrome[END_REF][START_REF] Vessoni | Cockayne syndrome-derived neurons display reduced synapse density and altered neural network synchrony[END_REF]. One team has generated an isogenic CS iPSCs pair using the CRISPR-Cas9 editing technology, but the studies of this single mutation mainly focused on defects upon UV treatment and replicative stress.

Conversely, we aim to study CSB defects in basal conditions, independent from UV-exposure, in the isogenic CS iPSCs, and iPSC derived cells and organoids. As indicated in the introduction, there are increasing evidences that defective CSB functions other than TC-NER play a causal role in the CS phenotype.

This isogenic iPSC models were planned to be enriched with the insertion of an alternative mutation, c.229C>T that was reported in a UVSS patient [START_REF] Horibata | Complete absence of Cockayne syndrome group B gene product gives rise to UV-sensitive syndrome but not Cockayne syndrome[END_REF] .

Thus, as it was the case for the isogenic BJ-5ta hTERT cells described above, we planned to generate iPSCs carrying either a mutation found in a patient with a severe (CS) or a mild (UVSS) phenotype. These isogenic iPSCs should then be used for deriving isogenic differentiated cells (like neurons) and organoids. The c.1009A>T (CS) editing was successful on both alleles (2/30 clones), indicating a good level of HDR, as expected in proliferating cells, since HDR is restricted to the S and G2 phases of the cell cycle. However, we failed to introduce the c.229C>T (UVSS) in these cells upon screening of ten clones. Given the reasonably high rates of HDR in these cells, we expect to introduce the c.229C>T (UVSS) mutation in BJ iPSC by screening a larger number of clones. We hope that this unique model will help understanding the molecular basis of elusive genotype/phenotype correlations of CSB mutations.

Isogenic CSB proficient/CSB deficient iPSCs will be further characterized. Our collaborators, Yates's lab in Sup'Biotech, will assess the karyotype of these cells and their pluripotency. The pluripotency will be tested by the expression of pluripotency markers (including OCT4, NANOG, and SOX2) and the ability of the cells to form teratomas in vivo.

To evaluate potential off-target mutations caused by CRISPR activity, we will do whole-exome sequencing of the CRISPR-edited cells. Finally, the isogenic CSB proficient/CSB deficient iPSCs will be functionally characterized with survival and RSS assays upon UV irradiation that we have stablished in the lab.

Isogenic CSB-proficient/CSB-deficient iPSCs have been derived into cerebral organoids (collaboration with Sup'biotech, and Tara Fournier, Chiara Cimmaruta, and Clément Crochemore in the lab). These models are especially relevant to study molecular and cellular defects that can lead to neurodegeneration in relatively complex and physiologically relevant 3D structures. Indeed, cerebral organoids include cell types that are not derivable from patients (neuronal progenitors, neuronal and glial cells). Preliminary results in the lab show that CS CSB-deficient cerebral organoids have smaller size at days 14 and 20 after generation. These results indicate that CSB deficiency impacts on the growth of cerebral organoids, and the underlying mechanism is under investigation.

In the near future, we plan to assess the DNA methylation clock and the senescence status of CSB-proficient/CSB-deficient cerebral organoids as a whole or after dissociation and isolation of specific cell types. Moreover, we will test whether these cells recapitulate the deficient HTRA3/CTSB/POLG1 axis identified in skin fibroblasts of CS patients, to confirm their occurrence of this alteration beyond a single cell type. More generally, the isogenic cerebral organoids will be used in the lab for mechanistic studies of CS defects and their possible rescue.

CONCLUSIONS AND PERSPETIVES

This PhD thesis aimed to contribute to the understanding of the molecular mechanisms leading to precocious ageing in Cockayne syndrome and their links with regular ageing (Fig. 31). This study also intended to establish isogenic CS models as a platform for present and future studies to address the underlying mechanisms as well as genotype/phenotype correlations that are poorly understood in this disease characterized by a large clinical heterogeneity.

At the beginning of my PhD, I helped to demonstrate that the CS defective pathway (HTRA3 overexpression leading to POLG1 depletion) is recapitulated during replicative senescence of normal human primary fibroblasts (chapter 3 of this thesis). More specifically, I focused on the recapitulation of these alterations in the (DDR)-dependent/p21 Waf1 senescence pathway, rather than other types of senescence. In normal cells, this alteration is triggered by epigenetically driven CSB depletion. This study provides one of the rare mechanistic links between a progeroid disease and replicative senescence, i.e. a process linked to normal ageing.

Next, I focused on elucidating the mechanism of HTRA3-dependent POLG1 degradation in CS and cellular senescence (chapter 1 of this thesis). I showed that this mechanism is more complex than previously anticipated. Indeed, it involves the partnership of the HTRA3 protease/chaperone that stabilizes the CTSB protease, that is in turn responsible for POLG1 degradation. Moreover, I showed that the HTRA3/CTSB/POLG1 axis is not solely recapitulated during replicative senescence, but it is rather triggered by this process, suggesting a causative role of cellular senescence in CS defects, in agreement with other findings. To demonstrate that this is the case, it should be confirmed that the HTRA3/CTSB/POLG1 defects are triggered by senescence in CS patient-derived cells. Our current data are indeed limited to CRISPR-edited CSB-deficient cells and not patient-derived cells. More generally, future studies should address at which extent premature cellular senescence is correlated with and participate to the severity of the CS disease. It remains also to be elucidated whether the HTRA3/CTSB complex targets other proteins than POLG1 and whether their depletion has links with CS or cellular senescence.

I also contributed to a review on the role of multiple types of stress, not only oxidative stress, in progeroid diseases and ageing, an emerging concept that our studies on CS have contributed to highlight.

Finally, using the CRISPR-Cas9 technology, I generated isogenic CSB-proficient/CSBdeficient fibroblasts in three independent cell lines (and each with a distinct genetic background), iPSCs and iPSC-derived cerebral organoids as models to study the CS disease (chapter 2 of this thesis). The relevance of these models is underscored by the fact that present animal models poorly recapitulate the human disease (in particular the progeroid defect), and patient-derived cells have different genetic backgrounds, and originate from patients with largely different clinical severity. These isogenic models will be a platform for future mechanistic studies of CS. They include fibroblasts and iPSCs (ongoing) with a CSB truncation found in a UVSS patient that displayed photosensitivity but no progeria and neurodegeneration.

In the present study ongoing transcriptomic analyses of isogenic CS fibroblasts identified candidate genes that could play a role in the CS phenotype and that will be further investigated. The isogenic CS cerebral organoids are especially relevant to study defects that can lead to neurodegeneration since these structures include cell types that are not derivable from patients (neural progenitor, neuronal and glial cells) and display cytoarchitectures resembling the early stages of embryonic human brain. Additionally, cerebral organoids derived from UVSS iPSCs (to be generated when the iPSC editing will be finalized), compared to already established CS cerebral organoids should constitute a powerful readout to mechanistically address the question of how two independent mutations, in the same genetic background, may lead to dramatically different alterations.

Figure 31. Contributions of this PhD thesis to address relevant unresolved questions on CS.

Questions that have been addressed in each chapter are shown with full yellow arrows; questions that will be addressed in dashed yellow arrows.

When indicated, MRC5-SV and CS1AN-SV were treated for 3 h with 250 μM and 1000 μM of L-leucyl-L-leucine methyl ester (LLOMe) (Cayman Chemical, 6491834; diluted in DMSO) followed by 1h of drug withdrawal, or with 30 μg/ml cycloheximide (CHX) (Clinisciences, A8244; diluted in DMSO) for 24h. Control experiments were conducted in the presence of an equivalent amount of DMSO.

When specified, IMR-90 fibroblasts were treated with pablociclib (Selleckchem, S1579) at increasing doses (0.2, 0.5, 1 and 5 μM) for 7 days followed by 1 day of drug withdrawal.

For radiation-induced senescence, confluent cells were irradiated at 10 Gy with the Xstrahl RS320 irradiator (X-ray). Cell culture medium was refreshed after irradiation and cells were incubated overnight. The following day, cells were diluted 1:3 and cultured for the indicated times.

shRNA cloning, transfection and transduction

Lentiviral particles were generated from the shRNA plasmids or scrambled (SCR)

shRNA for control (see Table 1, Mission shRNA library, Sigma). shRNA plasmids, carrying ampicilin resistance, were amplified in E. coli grown overnight in Luria Bertani (LB) broth medium with 100 µg/ml Ampicillin, and extracted and concentrated using the NulceoBond® Xtra Maxi Plus kit, Plasmid DNA purification kit (Macherey-Nagel, 740416.10) following the manufacturer's instructions. Purified shRNA plasmids were co-transfected with psPAX2

(packaging) (Addgene, 12260) and pMD2.G (envelope) (Addgene, 12259) plasmid in HEK-293T cells, using calcium phosphate transfection method [START_REF] Kwon | DNA transfection: calcium phosphate method[END_REF]. Fortyeight hours post-transfection the culture medium was collected, filtered through 0.45µm filters and concentrated by ultra-centrifugation at 19,000 rpm for 90 min at 4 °C. The pellet resulting from this centrifugation was resuspended to a final volume of 250 µl in phosphate buffered saline (PBS).

Transduction of MRC5-SV and CS1AN-SV fibroblasts with shSCR, and shRNA (shCTSB/shHTRA3/shRAC1) was performed by incubating cells with the viral particles in the presence of 8 µg/ml of Polybrene, which acts as a transduction enhancer (Sigma-Aldrich, H9268). After the overnight incubation, medium containing the viral particles and Polybrene was removed. When indicated cells were collected at 48 h post-transduction. Alternatively, cells were selected with 1 µg/ml puromycin at 48 h post-transduction and collected at the indicated points. 

Western blotting

Cells were lysed for 30 min on ice with lysis buffer (1 mM EDTA, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.1% SDS and protease/phosphatase inhibitor mixture (Roche)). The whole cell extracts were sonicated (Bioruptor, Diagenode) 5 times for 10 sec, with 10 sec intervals, at medium frequency at 4 °C. Protein concentration was determined with the Bradford assay, and samples were boiled 5 min at 95 °C in the presence of NuPAGE LDS sample buffer (Invitrogen NP0007) and NuPAGE Sample Reducing Agent (Invitrogen NU0004). 10 µg of protein were loaded for SDS/ PAGE (4-12% Bis-Tris Gel, Thermo-Fisher Scientific or 4-15% Mini-PROTEAN TGX gel, Bio-Rad) and transferred on a nitrocellulose transfer membrane by Trans-Blot Turbo system (Bio-Rad). The membrane was then blocked with 5% nonfat dry milk in 1x PBS with 0.1% Tween20 (Sigma-Aldrich, P1379) for 1 h at room temperature (RT). Primary antibodies at indicated concentrations (see Table 2) were incubated in 1% nonfat dry milk in 1x PBS overnight at 4 °C. After five washes of 5 min in PBS containing 0.1% Tween20, the membrane was incubated with the secondary antibodies (HRP-conjugated (1:10000, Thermo Fisher Scientific) or fluorophore-conjugated (F-C)) (see Table 2) for 1 h at RT. After five washes of 5 min in PBS containing 0.1% Tween20, the membrane was revealed by chemiluminescence or fluorescence using a Chemidoc™ MP imaging system (Bio-Rad). ATX Ponceau S Red (Sigma-Aldrich, 09189) was employed as a further marker of protein content. Quantification of Western Blot bands was performed using the ImageJ software.

Immunostaining

Cells were plated on glass slides, fixed in 4% paraformaldehyde (PFA) for 15 min at RT and permeabilized with 0.5 % Triton X-100 (Sigma-Aldrich, T9284) for 15 min at RT.

Permeabilized samples were incubated in blocking buffer (5% BSA (Gerbu Biotechnik, 1503) in PBS) for 1 h at RT. Primary antibodies (see Table 2) were incubated overnight at 4 °C in a humidified chamber and the appropriate Alexa 488-or 555-conjugated secondary antibodies (see Table 2) and 5 µg/ml Hoechst 33342 (Sigma, 14533) (nuclear counterstaining) for 1 h at RT.

CTSB activity

CTSB enzymatic activity was detected by Magic Red reagent (Abcam, ab270772)

according to manufacturer's protocol. Briefly, 20 µl of a reconstituted Magic Red staining solution was added to 280 µl medium and cells were incubated in the mixture at 37 °C for 30-60 min protected from light. Cells were then subjected to immunostaining and imaging procedures previously indicated.

Antibodies

Antibodies used in this study are listed below with the dilutions used for immunofluorescence imaging and for Western blotting (Table 2).

Primary antibodies Dilution IF Dilution WB Supplier Reference

Rabbit polyclonal α-HTRA3 n.a. 

Confocal Acquisition and quantification

Structured illumination microscopy (SIM)

MRC5-SV and CS1AN-SV were plated on precision glass coverslips thickness No. 1.5 H (Marienfeld Superior). Next day, cells were stained with stained with MitoTracker Deep Red and CTSB Magic red. For MitoTracker staining cells were incubated 1 h with 200 nM MitoTracker Red FM (Invitrogen). For CTSB Magic red staining see specific section.

Immunofluorescence was performed as indicated in the previous section, using Fluoromont-G (Thermo fisher Scientific) as mounting medium. The images were obtained using a Zeiss LSM 780 Elyra PS1 microscope (Carl Zeiss, Germany) using a 63Å~/1.4 oil Plan Apo objective with a 1.518 refractive index oil (Carl Zeiss) and an EMCCD Andor Ixon 887 1 K camera for the detection. Fifteen images per plane per channel (five phases, three angles) were acquired with a Z-distance of 0.09 μm to perform 3D-SIM images. To optimize the signal to noise ratio, acquisition parameters were adapted from one image to one other. The ZEN software was used to process the SIM images, that then were aligned with ZEN using 100-nm TetraSpeck microspheres (ThermoFisher Scientific) embedded in the same conditions as the sample. To optimize for resolution, signal to noise ratio, and reconstruction pattern, the SIMcheck plugin in imageJ was used to analyze the acquisition and the processing [START_REF] Ball | SIMcheck: a Toolbox for Successful Super-resolution Structured Illumination Microscopy[END_REF]. Image acquisition and processing was done by Audrey Salles (UTechS Photonic BioImaging PBI (Imagopole), Institut Pasteur)

Subcellular Fractionation Assays

Subcellular fractionation assays were mostly performed as previously reported [START_REF] Arena | Mitochondrial MDM2 Regulates Respiratory Complex I Activity Independently of p53[END_REF]. Briefly, four 150mm dishes, at 80% confluence, were washed twice with PBS, detached using a cell scraper and pelleted by centrifugation at ~450 × g for 5 min. The cell pellet was resuspended in mitochondria isolation buffer (MIB, 10 mM Tris/MOPS, 200 mM sucrose, 1 mM EGTA/Tris and protease inhibitors), and then lysed using y 10 strokes of a 28gauge syringe. Lysis efficiency was confirmed by visualizing 10 µl of cell lysate stained with 0.5% trypan blue under a light microscope. As whole cell lysate, an aliquot of the obtained cell lysis was utilized. The rest of the cell lysate was centrifuged at 600 g for 10 min at 4 °C to separate the nuclei, that remained in the pellet. To remove any nuclei contaminants that could remain, the supernatant was collected and centrifuged again at 600 g for 10 min at 4 °C. To pellet mitochondria, the supernatant was centrifuged at 7000 g for 10 min at 4 °C. The pellet, washed once with MIB and resuspended in NuPAGE LDS buffer represented the mitochondrial fraction. The supernatant constituted the cytosolic fraction, and was centrifuged at 7000 g for 10 min at 4 °C to remove remaining mitochondrial contamination, and finally diluted in NuPAGE LDS 2X (CYTO).

Co-Immunoprecipitation

Co-Immunoprecipitation (co-IP) was performed using a Dynabeads™ Protein G (Thermo Scientific, 10003D). The Dynabeads-Ab complex was prepared by incubating with 5ug of each specific antibody (against RAC1, CTSB, HTRA3, POLG1, see Table 2) with Dynabeads™ Protein G (previously washed once with PBS and lysis buffer and resuspended in lysis buffer) with rotation overnight at 4 °C. Irrelevant normal mouse or rabbit IgGs were used as control (SC-2025 or SC-2027 respectively, Santa Cruz). The following day, cells washed twice with PBS and collected using a cell scraper. Cells were lysed for 30 min on ice on lysis buffer (1 mM EDTA, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.1% SDS and protease inhibitor mixture (Roche)). 1 mg of cell lysate was added to the Dynabeads-Ab complex and the mix as incubated with rotation overnight at 4 °C, to obtain the Dynabeads-Ab-antigen complex. The immunocomplexes were then washed twice with lysis buffer and eluted from from Dynabeads Protein G by boiling 10 min at 95 °C in 2X NuPAGE LDS sample buffer and NuPAGE Sample Reducing Agent and removing the Dynabeads Protein G with a magnet, being subsequently analysed by Western blotting using the procedure previously specified. To eliminate interference from the denatured/reduced heavy and light chains of the IP antibody, HRP-conjugated secondary antibodies able to detect only native IgG were used (1:200 dilution;TidyBlot,Rockland).

OptiPrep Gradient Fractionation

OptiPrep gradient fractionation was performed as described previously (Zhao et al. 2013). Briefly, cells were washed twice with PBS, harvested with a cell scraper and pelleted by centrifugation at ~450 × g for 5 min. A lysosome enrichment kit (Pierce, Cat #89839, USA)

was used to perform subcellular fractionation. Pellets were resuspended in Lysosome Enrichment Reagent (LER) "A" buffer containing 1% protease inhibitors and incubated for 2 min on ice. The cell suspension was homogenized on ice using a ball-bearing cell homogenizer (Isobiotec). Lysis efficiency was confirmed by visualizing under a light microscope 10 ul of cell lysate stained with 0.5% trypan blue. After 15 passages through the homogenizer, 95% of cell membrane breakage was achieved. LER "B" containing 1% protease inhibitors was then added to the lysed cells. Cell nuclei and membranous debris were pelleted by centrifugation at 600 × g for 10 min at 4 °C and the postnuclear supernatant was retained.

To achieve a discontinuous density gradient, gradient solutions (30%, 27%, 23%, 20% and 17%) were prepared by mixing the OptiPrep medium (supplied as a 60% solution in H2O)

with gradient dilution buffer (mixture of LER A and LER B 1:1), and gradient solutions were carefully overlaid in a 5 ml ultracentrifuge tube (Beckman, 326819) in descending concentration order. The postnuclear supernatant sample was mixed with OptiPrep medium to a final concentration of 15% OptiPrep, and was placed on top of the density gradient and centrifuged at 145.000 × g for 4 h at 4 °C using a Optima MAX-XP ultracentrifuge (Beckman Coulter) and a swinging bucket Rotor MLS-50. After centrifugation, 11 fractions were carefully collected from the top of the gradient. To separate the lysosomes and mitochondria from the cytosol, isolated fractions were mixed with 1ml of PBS and centrifuged at 20,000 × g for 30 min at 4 °C.

The pellets were resuspended in 400 ul of PBS and constituted the lysosomal and mitochondrial fractions. These fractions were used for Western blotting analysis for the identification of organelle markers and proteins of interest.

SA-β-gal staining

Cultured cells were washed in PBS and fixed at room temperature (RT) for 5 min with 2% paraformaldehyde (PFA, Alfa Aesar, 43368) and 0.2% glutaraldehyde (Sigma-Aldrich, G6257) in PBS (Gibco) and rinsed twice with PBS. Fixed cells were stained at 37 °C overnight 

RNA extraction and RT-qPCR

Total RNA was isolated from cells using the RNAeasy Micro kit (Qiagen). mRNAs were reverse transcribed with the SuperScript 

ATP steady-state assays

Ten thousand cells were plated on 96-well white-wall plates and were treated with 10 µM oligomycin for 1 h (for glycolytic ATP) or untreated (for total ATP levels). Cells were then tested with the CellTiter-Glo Luminescent assay (Promega), using a Tecan plate reader, according to supplier instructions.

Transfection of expression vectors

pcDNA3.1 containing the HTRA3 ORF and a DKK tag was purchased from Genscript (OHu28769). The HTRA3 expressing vector, and empty pcDNA3.1 used as control, were transfected in MRC5-SV cells using Lipofectamine 3000 (ThermoFisher Scientific) following the manufacturer's protocol. To select stable integrations, 48 h after transfection, 2 μg/ml puromycin was added to the culture medium, and cells were selected for more than 2 weeks. In this study, cells transfected with pcDNA3.1 are named MRC5-SV empty and cells transfected with the HTRA3 pcDNA3.1 overexpressing vector MRC5-SV HTRA3 .

Stadistical analysis

Statistical analyses were performed using the Graphpad Prism (version 6) software. The unpaired Student's t test was applied for comparison between two groups. One-way analysis of variance (ANOVA) with post-hoc Tukey's test was used to determine statistical significance of more than two groups. Significance indicated as p* <0.05, **<0.01, ***<0.001.

CRISPR-Cas9 genome editing sgRNA and ssODN repair templates design

The Benchling CRISPR Guides design tool (https://benchling.com/) was used to design the sgRNAs. The highest ranked sgRNAs based on activity and specificity scores were selected and oligonucleotides and their complementary sequences with attached BbsI cloning sites:

Sense: 5′-CACCGNNNNNNNNNNNNNNNNNNN-3′ and antisense: 3′-CNNNNNNNNNNNNNNNNNNNCAAA-5′ (Table 4) were purchased from IDT. The oligos were annealed at an equimolar concentration of 30 μM using the thermocycler (37 °C for 30 min followed by 95 °C for 5 min and then ramped down to 25 °C at 5 °C/min) and cloned into the CBh-Cas9-T2A-mCherry vector (Addgene, 4324) using BbsI (New England Biolabs, R0539)

and ligated with T4 DNA ligase (New England Biolabs, M0202) following manufacture's instructions. Ligated plasmids were transformed into DH5-alpha competent E. coli using the the heat shock method [START_REF] Froger | Transformation of plasmid DNA into E. coli using the heat shock method[END_REF]. A Maxiprep (Qiagen) was performed followed by a plasmid DNA sequence verification using a U6 promoter primer (5'-GAGGGCCTATTTCCCATGATTCC-3').

Design of HDR templates

The repair templates incorporated the targeted mutation c.1009A>T and c.229C>T mutations (to knockout CSB in WT cells) and c.1009T>A (to rescue CSB mutation in CS1AN-SV cells) and silent PAM site mutation to limit repetitive CRISPR-Cas9 cutting events (Table 4) . They were designed to have 64 bp homology arms centered on the c.1009A>T/ c.229C>T point mutations. The HDR template was ordered as a single-stranded oligodeoxynucleotide (ssODN) as PAGE Ultramer DNA Oligos from IDT. 

Transfection of the cells for CRISPR-editing

MRC5-SV, CS1AN-SV and BJ-5ta hTERT cells were plated in wells of 6-well plates and cultured overnight. Transfections were performed the next day at 80% confluency with Lipofectamine 3000 (Thermo Fisher Scientific) following the manufacturer's instructions using 1 μg gene editing vector and 1 μg ssODN. At 48 h after transfection, mCherry+ single cells were collected by FACS into wells of a 96-well plate. Clonal fibroblast lines were monitored until confluent (~ 2 weeks), and were expanded to lager wells until reaching 60mm plates. At this stage, clones were frozen and collected for validation.

The protocol had to be adapted for CS1AN-SV cells since it resulted in high mortality.

In this case, after transfection following the protocol above-mentioned, mCherry+ cells were FACS sorted in 6-well plates as a "bulk" of cells and allowed to recover. After 3 days, cells were plated at low density (100 cells per 100 mm dish) using for single-cell colony isolation.

Cells were cultured in 1:1 mixture of complete and conditioned medium from healthy cells (complete medium incubated with exponentially growing non-transfected CS1AN-SV cells for 24 hours and filtered through a 0.45 µm filter to remove floating cells)

After ~15 days of culture single-cell colonies were recovered using cloning rings (Sigma-Aldrich, C1059). For this, single cells colonies were marked under the microscope and cloning cylinders carefully positioned around the cell clones with sterile forceps; cells were detached using 40 µl of 0.05% trypsin-EDTA (Gibco) for 5 min at 37 °C. To inactivate the trypsin, 100 µl of culture media was added and pipetted several times prior to moving each colony to a 48 well plate. Cells were subsequentially expanded, and cells were frozen and collected for validation as previously explained.

iPSC from a ~80% confluence 35 mm dish were dissociated in a single-cell suspension using accutase (StemCell, AT-104). 1 μg gene editing vector and 1 μg ssODN were delivered to the suspended solution of iPSC as previously explained for the other CRISPR-editing. 48h

after transfection mCherry+ cells were sorted by FACS. The sorted "bulk" of transfected cells was plated and allowed to recover in mTeSR1 with 10 µM ROCK-inhibitor (StemCell, Y-27632) for 7 days. After, cells were dissociated with accutase and plated at a low density (40 cells per 35 mm dish) in mTeSR1 containing CloneR 1X (StemCell, 5888). Medium was changed daily, and CloneR was removed at day 4 following clonal isolation. After ~ 10 days surviving colonies were picked and expanded up to 35 mm dishes, when clones were frozen and collected for validation.

Genotyping PCRs

Genomic DNA was extracted, and 300ng were used as a direct PCR template for amplification with primers flanking the genomic target site (Table 5). PCR amplification was conducted using TaKaRa LA polymerase (TaKaRa) polymerase. PCR conditions were set at 94 °C for 2 min; 35 cycles of 94 °C for 30 s, 57 °C for 30 s and 72 °C for 30 s; and a final extension at 72 °C for 5 min. The PCR product was purified using the QIAquick PCR Purification Kit (Qiagen) and Sanger sequenced. 

qPCR for allele copy number

CSB gene copy number was determined as previously described (D'Haene, Vandesompele, and Hellemans 2010). Briefly, each sample was analyzed in quadruplicate by real-time RT-qPCR using the Power SYBR Green Master mix (Applied Biosystems) and 30 ng of genomic DNA on a StepOne Plus RealTime PCR system (Applied Biosystems). Data-analysis was performed with StepOne Plus RT PCR software v2.1 (Thermo Fisher Scientific). Two reference genes (ZNF80 and GPR15, see Table 6) were used for normalization of the relative quantities (=ΔCT) and two positive controls (WT primary cells) with a known copy number of 2 were used as a reference to calculate the copy numbers. Copy number was quantified using the the 2-ΔΔCt method.

Gene/Region Primer Sequence (5′-3′) Reference

Human GRP15 Forward GGTCCCTGGTGGCCTTAATT [START_REF] Zhang | A Preliminary Study of Copy Number Variation in Tibetans[END_REF]) Reverse TTGCTGGTAATGGGCACACA [START_REF] Zhang | A Preliminary Study of Copy Number Variation in Tibetans[END_REF] Human ZNF80 Forward CTGTGACCTGCAGCTCATCCT [START_REF] Zhang | A Preliminary Study of Copy Number Variation in Tibetans[END_REF]) Reverse TAAGTTCTCTGACGTTGACTGATGTG (Zhang, Li, et S enescence, which is a process that limits proliferation of damaged cells in response to various types of stress, has been associated with organismal ageing 1 . Accumulation of senescent cells in tissues, as well as withdrawal of senescent stem cells from the regeneration process, are marks of tissue deterioration linked to ageing 2 and may contribute to organ degeneration and aged-related diseases. Senescence also acts as a barrier to cancer 3 and plays a physiological role in normal development and tissue homeostasis 4-6 .
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Senescence is characterized by a proliferative arrest of metabolically active cells 7 , which is distinct from other forms of cell cycle arrest (e.g., quiescence) by its essentially irreversible nature, and by acquisition of specific features, including increased cell size, β-galactosidase activity, persistent DNA damage-response (DDR), presence of heterochromatin foci, and highly active secretory activity (senescence-associated secretory phenotype, or SASP) 8 . Senescence triggered by replication-induced DNA damage, or telomere shortening that determine a persistent DDR, and resulting in the stabilization of the transcription factor p53 and expression of the cyclin-dependent kinase inhibitor p21 (coded by p21 Waf1 ) 9,10 , is called replicative senescence. Stimuli such as genomic and epigenomic damage, oxidative and proteotoxic stress, and mitogenic signals that engage either the DDRdependent (p53/p21 Waf1 ) pathway or activation of the CDKN2 locus through expression of the tumor suppressor p16 (encoded by p16 Ink4 ) also induce senescence 11 . High levels of p16 are observed late during replicative senescence following the p21 trigger, probably to maintain the senescent state 12 .

Senescence allows tissue repair and remodeling through the SASP 11 . Moreover, induced senescence promotes cell reprogramming in various tissues through paracrine factors 13,14 . Conversely, exhaustion of the stem cell pool results from paracrine induction of senescence in non-damaged cells 15 . Furthermore, defective clearance of senescent cells, which is particularly relevant during ageing, induces a persistent and deleterious SASP 16 . In this context, specific elimination of p16 Ink4 -positive cells in a progeroid mouse model delays the onset, or limits the progression, of aged-related symptoms 17 .

Premature cellular senescence has been described in mesenchymal stromal cells differentiated from Werner syndrome-induced pluripotent stem cells (iPSCs) 18 , and in other progeroid syndromes, such as the Hutchinson-Gilford progeria syndrome 19 and Ataxiatelangiectasia 20 . Similarly, human primary fibroblasts depleted of BLM, WRN, or RECQ4 helicases, which are responsible for precocious ageing in the Bloom syndrome, Werner syndrome, and Rothmund-Thomson syndrome, respectively, display multiple markers of senescence compared to normal fibroblasts. Moreover, keratinocytes from progeroid Cockayne syndrome, mutated in CSA and with impaired DNA repair capacity, display early senescence 21 . Although suspected of being implicated in normal ageing, defects observed in progeroid syndromes have not been formally demonstrated to drive physiological ageing.

These findings raise the possibility that factors responsible for Cockayne syndrome (CS), namely CSA and CSB, are effectors of cellular senescence, and also question which activity of these multifunctional proteins is determinant. In this context, we identified a novel stress-induced protease activity that improperly degrades functional mitochondrial proteins in cells from CS patients 22 . Notably, in CS cells combined oxidative and nitrosative stress (ROS and RNS) promote overexpression of the HTRA3 protease, which results in degradation of the mitochondrial DNA polymerase POLG1 responsible for replication of the organelle genome, thereby triggering mitochondrial dysfunction. The cognate HTRA2 protease is also overexpressed in CS cells, but it is unclear whether POLG1 degradation is promoted by HTRA3 alone or in combination with HTRA2. Although the mechanism leading to HTRA3 (and HTRA2) overexpression in CS cells remains undefined, it is likely uncoupled from the well documented CSA/CSB involvement in the repair of ultraviolet (UV)-damaged DNA through transcription-coupled nucleotide excision repair (TC-NER) 23 . Indeed, these proteins are also transcription factors and have been implicated in chromatin remodeling in vitro (in particular CSB) 24 . CSA/CSB have also been detected in mitochondria where they repair oxidative damage of mitochondrial DNA 25 . Critically, scavenging of oxidative and nitrosative species with a porphyrine derivative, MnTBAP, led to rescue of the cellular and molecular defects in progeroid CS patient cells 22 .

H e r e ,w er e p o r tt h a tt h eC Sa l t e r a t i o n so fH T R A 3 ,H T R A 2 , POLG1 and mitochondria are recapitulated during replicative senescence of human primary fibroblasts. We also show that these alterations and replicative senescence are triggered by downregulation of CSB, through reduced histone acetylation of its promoter. Consequent CSB depletion results in the exposure of the p21 Waf1 promoter to activation, which leads to senescence, and this activity of CSB is independent of its function in UV-induced DNA repair.

Results

HTRA3 overexpression during replicative senescence. To assess whether HTRA3, which is considered a prevalently mitochondrial protease 26 , was expressed during cellular senescence, we examined population doubling of three independent IMR-90 serially passaged human embryonic fibroblasts (Fig. 1a). Cells at passage numbers (PN) indicated with an arrow were selected for in-depth investigation, and are representative of distinct phases: proliferative PN16, PN19, PN23; the end of exponential growth, PN27; pre-senescent PN31; and senescent PN35. Senescenceassociated beta-galactosidase staining (SA-β-gal, Fig. 1b and Supplementary Fig. 1a), as well as increased cell size (Supplementary Fig. 1b,c), confirmed pre-senescence at PN31 and senescence at PN35. Interestingly, at PN31 and PN35 HTRA3 immunofluorescence (IF) was twofold higher compared to earlier passages, independent of increased cell size (Fig. 1c and Supplementary Fig. 1b,d). Super-resolution structured illumination microscopy (SIM) of early-passage and senescent fibroblasts revealed that HTRA3 is not prevalently mitochondrial (several mitochondria do not display HTRA3 and a large part of the labeling remains extramitochondrial), and this condition does not appear to change upon senescence (Fig. 1d). Increased HTRA3 levels during replicative senescence were confirmed by Western blot (WB), in particular the short isoform at PN31, and cleaved products of the long isoform at PN35 (Fig. 1e and Supplementary Fig. 1e). During stress, long-HTRA3 undergoes autocleavage that generates shorter L-forms 27 . Real-time quantitative PCR (RT-qPCR) analysis confirmed high levels of HTRA3 transcripts, in particular the long form, in senescent cells at PN35, together with the established senescence markers p21 Waf1 , p16 Ink4 , and the SASP marker IL-6 (Fig. 1f). The levels of HTRA3 (short) and p21 Waf1 transcripts were 1.5-and twofold higher, respectively, also in presenescent PN31 cells compared to earlier passages. Increased levels of HTRA3 were not dependent on declined cell proliferation, since slow dividing/non-dividing early-passage fibroblasts at confluence, assessed by decline of the cell cycle markers cyclin A2 and PCNA, did not display higher levels of HTRA3 (RNA and protein) compared to cells undergoing robust proliferation (Supplementary Fig. 2a-c). Absence of senescence in the abovementioned cells was verified by unaltered levels of p21 and p21 Waf1 as well as p16 and p16 Ink4 . Thus, HTRA3 is expressed at high levels during replicative senescence, and as early as established senescence markers, in particular the principal effector p21 Waf1 .

In CS cells, also the HTRA2 protease was overexpressed 22 and this was also the case for HTRA2 transcripts (Supplementary Fig. 3a) and protein (Fig. 1g, i and Supplementary Fig. 3c) in senescent cells (PN35).

Mitochondrial impairment during replicative senescence.I n cells from CS patients, accumulation of HTRA3 (alone or in combination with HTRA2) was associated with depletion of the mitochondrial DNA polymerase POLG1, despite high levels of POLG1 transcripts, suggesting degradation of this polymerase 22 . Accordingly, we observed reduced levels of POLG1 by IF (Fig. 1h and Supplementary Fig. 3d) and WB (Fig. 1i) in pre-senescent (PN31) and senescent (PN35) cells, despite unchanged or increased levels of transcripts (Supplementary Fig. 3b). Cells kept at confluence for 1-2 days displayed slightly increased levels of HTRA2 and reduced levels of POLG1 (Supplementary Fig 2a-c), suggesting that these proteins are to some extent dependent on factors other than replicative senescence. In CS cells, POLG1 depletion was associated with increased ROS and reduced mitochondrial ATP production 22 . Senescence (Supplementary Fig. 4a-d) was associated with increased levels of oxidative stress, measured by reduced glutathione (GSH), a strong scavenger of ROS, and its ratio with oxidized glutathione (GSSG) 28 (Supplementary Fig. 4e), and to some extent mitochondrial ROS (Supplementary Fig. 4f,g). Senescent cells displayed reduced ATP production by mitochondrial oxidative phosphorylation (OXPHOS), and decreased levels of mitochondrial complexes I, III, and IV, which were also reduced during pre-senescence (Supplementary Fig. 4h,i). Thus, senescent cells recapitulate cellular and mitochondrial alterations observed in CS patient cells.

CSB depletion is an early event in replicative senescence.W e then asked whether altered HTRA3 and POLG1 levels during replicative senescence were a consequence of CSB impairment, since CSB mutation resulted in these defects in CS cells. We observed a progressive and dramatic decrease of CSB transcripts from PN27 to PN35 (from twofold to eightfold, respectively, Fig. 2a), confirmed by WB at the end of the exponential phase (PN27) (Fig. 2b), and by IF in pre-senescent and senescent fibroblasts (Fig. 2c,d). CSB depletion was not observed in slowly dividing/non-dividing early passages fibroblasts (Supplementary Fig. 2a-c). Thus, reduced expression of CSB was detected earlier than the appearance of senescence, preceding the established senescence marker p21 Waf1 and SA-β-gal + staining, as well as accumulation of HTRA3/HTRA2, and depletion of POLG1. Interestingly, transcripts of CSA, the other factor mutated in CS, did not decline during senescence (Fig. 2a), whereas the protein was reduced by less than 50% in pre-senescent (PN31) and senescent (PN35) cells, therefore at a lower extent and later PN than CSB (Fig. 2b).

CSB knockdown induces premature p21-dependent senescence. To verify whether CSB depletion triggers cellular senescence, we knocked down CSB in early-passage IMR-90 fibroblasts with two shRNA (shCSB#1, shCSB#2, Fig. 3a-c). Cells transduced with control shRNA (shSCR) progressively decreased CSB transcripts prior to increased expression of p21 Waf1 and HTRA3 (black columns in Supplementary Fig. 5a-c), thereby confirming downregulation of CSB during senescence. The direct correlation observed between p21 Waf1 and HTRA3 (Fig. 3d), supports the notion that increased expression of both transcripts is strictly linked in senescence.

CSB downregulation, which was maintained until PN20 and PN21 for shCSB#1 and shCSB#2, respectively, was nevertheless sufficient to promote cellular senescence. Figure 3es h o w s proliferation arrest of CSB-knocked down fibroblasts earlier (PN26, eight passages post-transduction of shCSB#1; PN24, after six passages for shCSB#2) compared to cells transduced with shSCR (PN28, ten passages post-transduction). Precocious senescence upon transient CSB knockdown was confirmed by a higher number of SA-β-gal + cells at each passage, and to a larger extent for the more efficient shCSB#2 (Fig. 3f and Supplementary Fig. 5d), with an initial burst as early as PN19 and PN20. Further, the levels of HTRA3 and p21 Waf1 in CSB-silenced fibroblasts were higher than control beyond PN19-PN20 (Supplementary Fig. 5b,c).

We then focused on PN19 and PN20, when CSB was efficiently knocked down, and observed a 15-fold increase of p21 Waf1 mRNA as early as PN19 with shCSB#2 compared to shSCR, and a fivefold increase at PN20 (Fig. 3g). Higher levels of p21 with both shRNAs at PN20 were confirmed by WB (Fig. 3i). Moreover, both shCSBs induced a significant increase of HTRA3 transcript and protein at PN20 (Fig. 3h,i). WB also revealed an increase of HTRA2 and a decrease of POLG1 levels with both shCSBs (Fig. 3i), confirming our results (see Fig. 1g-i), and consistent with the alterations observed in CS cells. Interestingly, cumulated data from shSCR and the two shCSBs (Supplementary Fig. 5a,b) demonstrate a strong inverse correlation between CSB and p21 Waf1 expression (Fig. 3j). Taken together, these data indicate that low CSB levels trigger p21-dependent replicative senescence.

We wondered whether CSB affects p21 expression by direct interaction with its promoter. Chromatin immunoprecipitation (ChIP) assays showed that CSB directly interacts with two regions of the p21 Waf1 promoter that are target of p53 29 , and a more extended interaction in the distal (5') region was observed with the C-terminal anti-CSB than with N-terminal anti-CSB (Fig. 4a-c). As a control, both antibodies failed to display a signal at the TATA box that is close to the transcription start site. Moreover, cells stably expressing the eGFP reporter under control of the CDKN1A (p21Waf1) promoter (Fig. 4d) expressed higher levels of eGFP upon CSB silencing (shCSB#2), assessed with IF (Fig. 4e,f) and WB (Fig. 4g), further showing that CSB directly regulates p21 expression.

Premature cellular senescence upon CSB silencing did not result in increased DNA damage at PN19 and PN20 assessed by immunofluorescence of the double-strand break (DSB) repair factors γ-H2AX and 53BP1 30 (Supplementary Fig. 5e-h). Immunoblots of γ-H2AX confirmed this result and showed no increased phosphorylation of the DNA damage signaling factor ATM (pATM), (Supplementary Fig. 5i). These data suggest that CSB depletion is a primary event leading to senescence, and not a secondary effect of DNA damage-induced senescence.

Finally, we observed that ectopic overexpression of CSB in a fraction of early-passage IMR-90 fibroblasts resulted in lower p21 expression (Supplementary Fig. 6a,b) and a smaller percentage of SA-β-gal + cells (Supplementary Fig. 6c,d) compared to cells carrying an empty vector, suggesting that senescence was delayed upon increased CSB levels.

CSB depletion by histone H3 hypoacetylation of its promoter. We then investigated the mechanism responsible for CSB downregulation during replicative senescence. UV-induced CSB repression has been recently described in age-related nuclear cataract through coordinated DNA hypermethylation and histone deacetylation at the CSB promoter 31 . Histone hypoacetylation is associated with compact chromatin and repressed transcription 32 . RT-qPCR of DNA methyltransferases DNMT3a and DNMT3b, which are responsible for de novo DNA methylation, did not reveal differences among the various cell passages (Fig. 5a). However transcripts of DNMT1, the enzyme responsible for DNA methylation maintenance during replication, progressively decreased at PN31 and PN35, probably due to reduced replication in pre-senescent and senescent cell populations, as suggested by lower levels in poorly dividing early-passage fibroblasts (Supplementary Fig. 2c). We then examined the methylation profile of the CSB promoter (positions in Supplementary Fig. 7) by pyrosequencing after bisulphite treatment. At all passages, we observed low methylation levels for CpG(#8), which was hypermethylated in age-related nuclear cataract, as well as the other seven CpG sites in the promoter region of CSB (Fig. 5b). Thus, methylation alterations do not occur in this region during replicative senescence. However, 24 h treatment with 10 µM, but not 2 µM, of the methyltransferase inhibitor 5-aza-2′-deoxycytidine (5-aza-dC) (Supplementary Fig. 8a,b) resulted in enhanced transcription of CSB (Supplementary Fig. 8c) and protein content (Supplementary Fig. 8d), indicating that global DNA hypomethylation is associated with CSB overexpression.

Conversely, the levels of acetylated histone H3 decreased at the end of the exponential growth (PN27), and to a larger extent in pre-senescent (PN31) and senescent (PN35) cells (Fig. 5c). The decrease in histone H3 acetylation largely exceeded the global depletion of H3, and this was not dependent on cell cycle arrest since levels of acetylated H3 histone were not altered in slowly dividing/non-dividing IMR-90 (Supplementary Fig. 2a). Accordingly, mRNA levels of histone deacetylase HDAC1 (and of highly homologous HDAC2) increased transiently at PN27 (Fig. 5d), and were reduced at later passages. Remarkably, the peak of HDAC1 expression and histone H3 hypoacetylation appeared at the switch point for CSB depletion, i.e., PN27 (see Fig. 2), suggesting a role of this histone modification in the regulation of CSB expression during replicative senescence. ChIP on the CSB promoter (positions in Supplementary Fig. 7) showed reduced levels of acetylated histone H3 at PN27 and PN31 compared to the previous passages (Fig. 5e), whereas the levels of global histone H3 were not altered. Thus, hypoacetylation of histone H3 at the CSB promoter directly correlates with CSB downregulation during replicative senescence.

Furthermore, treatment of early-passage fibroblasts (PN16) for 24 h with increasing concentrations of anacardic acid (AA), an histone acetyl transferases (HAT) inhibitor (Fig. 5f), resulted in reduced CSB transcript and protein, concomitantly with a global reduction of acetylated histone H3 (Fig. 5g,h). A specific reduction of H3 acetylation of the CSB promoter was then observed by ChIP upon AA treatment (Fig. 5i). Interestingly, at high AA concentrations HTRA3 and p21 levels increased after further 24 h in culture and upon drug withdrawal (Fig. 5h), consistently with the late upregulation of these senescence markers following CSB depletion (see above, Fig. 1c,e,f). Under these conditions, H3 acetylation and CSB levels were restored.

CSB depletion upon reduced global H3 acetylation was also obtained with a variety of inhibitors that target the main HATs (MG149, CPTH2, C646, and curcumin), Supplementary Fig. 8e. Moreover, at least C646 and CPTH2 displayed H3 hypoaceylation at the CSB promoter, assessed by ChIP (Supplementary Fig. 8g). Conversely, the histone deacetylase inhibitor MS275 that increased H3 acetylation at the global level (Supplementary Fig. 8f) and specifically at the CSB promoter (Supplementary Fig. 8h), did not alter CSB levels (Supplementary Fig. 8f), suggesting that global as well as local hyperacetylation of H3 does not increase CSB expression. Taken together, these experiments show that CSB depletion in replicative senescence is triggered by hypoacetylation of its promoter.

CSB-dependent replicative senescence is independent of p53. Increased levels of p21 during replicative senescence depend on p53 activation. p53 protein, but not transcript (except at PN35) levels increased towards senescence, in agreement with previous findings 33 , suggesting stabilization of the protein (Fig. 6a,b). P53 silencing (Fig. 6c,d) alone had little or no effect on the population doubling compared to control shSCR (Fig. 6e). Silencing of p53 followed by silencing of CSB reduced the population doubling as much as silencing of CSB alone, suggesting that CSB depletion triggers replicative senescence independently of p53. This result was confirmed by treating fibroblasts in culture with pifithrin-alpha (PTF-α), a p53 inhibitor that blocks p53-mediated p21 activation 34 , in the presence and in the absence of CSB silencing (Fig. 6f). Indeed, treatment with PTF-α reduced the population doubling slightly compared to untreated cells (Fig. 6g), but did not overtly affect the fraction SAβ-gal + cells (Fig. 6h,i) and p21 Waf1 expression (Fig. 6j,k), whereas CSB silencing strongly affected these readouts. PTF-α slightly increased the population doubling, reduced the fraction of SA-β-gal + cells and p21 Waf1 expression (thus confirming the activity of the inhibitor) upon CSB silencing, thereby attenuating senescence, compared to CSB silencing alone. Thus, CSBmediated replicative senescence is essentially independent of p53.

CSB-dependent senescence is specific to the DDR/p21 pathway.

Replicative senescence of IMR-90 fibroblasts is correlated with activation of the p21 Waf1 pathway (Fig. 1f and Supplementary Fig. 5b), which is DNA damage-response (DDR)-dependent 3 .To assess the extent of endogenous DNA damage during replicative senescence we enumerated γ-H2AX and 53BP1 foci at critical PNs. Figure 7a and Supplementary Fig. 9a show a significant increase of both markers at PN27, concomitantly with CSB depletion (see above, Fig. 2), suggesting a link between these two events.

To verify that CSB downregulation and HTRA3 overexpression are specific to DDR-induced senescence, we triggered senescence by irradiating (10 Gy) early-passage IMR-90 fibroblasts (PN17) and examined cells after 10 days 35 . Notably, an increased number of γ-H2AX and 53BP1 foci in irradiated fibroblasts (Fig. 7b-d) correlated with a dramatic increase in SA-β-gal + cells (89.2 ± 2.3% compared to non-irradiated cells 2.7 ± 1.1%; Fig. 7e). Senescence following irradiation was verified by high levels of the DDR-dependent senescence marker p21 (Fig. 7f). Conversely, no accumulation of the DDR-independent and senescence marker p16 was observed (Fig. 7f) including at earlier and later time points (7 days and 15 days post-IR, respectively, Supplementary Fig. 9b), differently from a study performed with cells at a later PN and displaying apparently lower basal levels of p16 before irradiation than in our case 36 . Importantly, we observed decreased CSB, and increased HTRA3 and HTRA2 levels upon irradiation (Fig. 7f), as it was the case for replicative senescence (see Figs. 1 and2). Decreased CSB levels upon irradiation resulted in the loss of CSB interaction with the p21 Waf1 promoter (ChIP assays, Supplementary Fig. 9c-f), supporting the notion that this interaction is a barrier to senescence. We note that POLG1 was not depleted after irradiation (Fig. 7f), suggesting that the levels of the mitochondrial DNA polymerase rely also on factors other than DDR-dependent replicative senescence, in agreement with our previous observations (see Supplementary Fig. 2a,b).

Senescence can be induced in a DDR-independent manner through activation of the p16 Ink4 pathway 37 . Palbociclib, a compound that acts downstream of p16 Ink4 induces senescence by inhibiting cyclin-dependent kinases CDK4/6, and inducing permanent cell cycle arrest 38 , see Fig. 7g. Early-passage (PN20) IMR-90 cells were treated with increasing doses of palbociclib (0.2-5 μM) for 7 days followed by 1 day of drug withdrawal. A dose-dependent increase of the fraction of SA-β-gal + cells verified senescence (Fig. 7h, i), however, this did not result in increased γ -H2AX and 53BP1 foci number (Supplementary Fig. 9g-i), confirming that palbociclib-induced senescence is DDRindependent 39 . We observed decreased HTRA3 and increased CSB transcripts at all concentrations of the drug compared to untreated control (Fig. 7j,k), in clear contrast with replicative senescence (see Figs. 1c and2a). Increased levels of CSB were confirmed by WB (Fig. 7m), which also showed unaffected HTRA3 levels despite reduced transcription. Palbociclib treatment did not increase the levels of p16 Ink4 transcript and protein, as expected since the drug acts downstream of p16 (Fig. 7l, m) 38 . Upon palbociclib treatment, p21 RNA and protein were upregulated (Fig. 7l,m), in agreement with a previous study 40 . Taken together, these data indicate that p16-dependent senescence does not correlate with depletion of CSB and overexpression of HTRA3, as it was the case for DDR-dependent/p21 replicative senescence.

Delayed senescence with anti-ROS/anti-RNS treatment.W e showed previously that HTRA3 overexpression and POLG1 depletion in CS cells that lack CSB can be restored after 24 h treatment with MnTBAP, a superoxide dismutase mimetic and peroxynitrite (RNS) scavenger 22 . Incubating IMR-90 fibroblasts at various passages with MnTBAP for 24 h reduced SA-β-gal + cells by 13.9 ± 6.0% at PN35 (Supplementary Fig. 10a). This reduction took place at constant cell number (Supplementary Fig. 10b), suggesting that it was not due to cell depletion. In agreement with our model, 24 h treatment with MnTBAP decreased the levels of HTRA3 compared to untreated controls, de facto blocking or containing HTRA3 overexpression in presenescent cells (PN27, PN31) and senescent cells (PN35), respectively (Supplementary Fig. 10c,d). Importantly, MnTBAP had essentially no effect on CSB levels (Supplementary Fig. 10e,f), in agreement with the rescue of HTRA3/POLG1 levels in CS patient cells that are impaired in CSB.

Long-term treatment with a tenfold lower dose of MnTBAP resulted in increased cumulative population doubling of IMR-90 fibroblasts at PN31 and PN32 compared to untreated cells, suggesting a later entry into senescence in the presence of the drug (Supplementary Fig. 10g), which was confirmed by a decrease of SA-β-gal + cells at PN29 and PN31 (≈35% and ≈9%, respectively; Supplementary Fig. 10h). Both effects were less pronounced than in cells treated with rapamycin, which extends replicative lifespan in vitro 41 (positive control). Thus, MnTBAP treatment delays replicative senescence of human fibroblasts without intervening on CSB levels.

Discussion

The study of human ageing is expected to take advantage from model systems of monogenic progeroid syndromes such as Hutchinson-Gilford progeria syndrome (HGPS), Werner syndrome (WS), and Cockayne syndrome that mimic to some extent characteristics of normal ageing 42 . Indeed, in vitro and in vivo experiments performed on precocious ageing models showed that cellular and molecular hallmarks of ageing such as telomere dysfunction, epigenetic changes, metabolic defects or cellular senescence, recapitulate those of physiological ageing 43 . Moreover, despite in vitro reprogramming HGPS-or WS-derived iPSCs appeared to erase the pro-senescent phenotype, cells underwent again rapid and premature senescence after differentiation 18,44 . Based on our recent discovery that linked progeroid CS to improper degradation of functional mitochondrial proteins (POLG1 depletion via HTRA3/HTRA2 overexpression) 22 , we proposed an alternative hypothesis, that CSspecific defects are implicated in the senescence of normal cells.

Serially passaged primary human fibroblasts display upregulation of the HTRA3 and HTRA2 proteases and downregulation of mitochondrial POLG1, suggesting a recapitulation of CSspecific defects 22 during replicative senescence. These defects include reduced mitochondrial respiration, in agreement with DDR-induced senescence 45 , and depletion of mitochondrial complexes I, III, and IV. HTRA2 upregulation and POLG1 depletion were, however, not exclusive to cellular senescence but appeared to some extent also in long-term confluent cultured cells. This observation is in agreement with the finding that HTRA2 can induce cell cycle inhibition following serum withdrawal 46 . Conversely, HTRA3 upregulation appeared contemporary to the induction of the major effector of replicative HTRA3 is defined as a prevalent mitochondrial protein that is translocated from mitochondria upon cytotoxic stress, based on subcellular fractionation and colocalizaton experiments 26 .O u r analysis with super-resolution SIM microscopy rather indicates that only a fraction of HTRA3 is mitochondrial. This condition is maintained in senescent cells, where accumulation of HTRA3 takes place in a mitochondrial-impoverished cytoplasm. HTRA3 accumulation during senescence concerned mainly the cleaved isoform of this protein, which is the more active isoform 27 , suggesting an increase of its auto-proteolytic activity during senescence. Secretion of HTRA3 was reported in the context of remodeling of the extracellular matrix or acting as a proapoptotic agent 26,47 .T h e s e observations raise the possibility that this protease can function as part of the SASP, and participate in tissue remodeling 11 or paracrine induction of senescence in neighboring cells 48 .

Knockdown experiments demonstrated that contemporary accumulation of HTRA3 and the senescence inducer p21 during replicative senescence depend on depletion of CSB. We show that HTRA3 and p21 levels are inversely correlated with CSB, therefore, CSB depletion in normal cells is the earliest trigger of replicative senescence defined to date, acting upstream of p21 Waf1 induction. Importantly, despite loss of CSB downregulation upon passage in culture, the initial silencing was sufficient to reduce the replicative lifespan of cells by several weeks. p21 induction in senescence is normally triggered by p53, a master regulator of the response to stress and DNA damage 11 . However, the role of p53 in replicative senescence has not been fully clarified, since for instance p53 does not promote this process in normal human keratinocytes 33 . By silencing or inhibiting p53, alone or together with CSB, we showed first that CSBmediated senescence does not depend on p53. Moreover, p53 silencing alone had virtually no impact on replicative senescence, at least at early PNs. One may expect increased proliferation rate upon p53 silencing, however, it is possible that during early passages the extent of DNA damage is lower than required to trigger the p53 response and thereby cell cycle arrest.

These data indicate that CSB, and not p53, plays a master role in replicative senescence of human fibroblasts. Previous studies in cells derived from CS patients highlighted the physical interaction of CSB with p53 49 where CSB participates in p53 polyubiquitination and degradation upon UV induction 50 . Consequently, CS patient cells have higher basal and UV-induced levels of p53 compared to wild type cells. Thus, despite increased p53 levels during replicative senescence that are compatible with protein stabilization (also depends on reduced CSB), this process is largely p53-independent. The strong inverse correlation between p21 Waf1 and CSB indicates that in our model system p21-dependent replicative senescence is triggered by CSB depletion rather than p53 induction, revealing a CSB depletion/ p21 Waf1 axis in cellular senescence (Fig. 8). In agreement with this model, we showed direct interaction of CSB on the endogenous and an ectopic p21 Waf1 promoter and loss of this interaction when CSB is silenced or depleted following irradiation, suggesting that CSB protects the p21 Waf1 promoter from activation by other factors, which essentially do not include p53. Moreover, p53 is activated by DNA damage and DNA damaging signaling, which do not increase upon CSB silencing. These data point to CSB directly controlling senescence via p21 and HTRA3 upregulation rather than CSB depletion being a secondary effect of DDRinduced senescence.

CSB is a DNA repair protein but also acts as chromatin remodeler and transcription factor 24,51,52 . In addition to direct intervention at p21 Waf1 promoter, CSB may also promote p21 degradation through ubiquitylation due to its E3 ligase activity, as it has been hypothesized in CS cells 53 . In other contexts than replicative senescence, p21 can be upregulated in the presence of high levels of CSB, as it is the case upon palbociclib treatment, in agreement with a previous study where the process was reported to be p53-independent and rather relying on myc derepression 40 . However, in this case p21 upregulation did not precede senescence, and appeared in the same timeframe as SA-β-gal staining, suggesting that it rather plays a role in the maintenance of senescence.

We demonstrate that CSB downregulation depends on histone H3 hypoacethylation of the CSB promoter, perhaps performed by various HATs, rather than combined hypermethylation and histone deacetylation of the CSB promoter as in UV-induced agerelated nuclear cataract 31 . However, the DNA methylation status at other sites may affect CSB levels, since treatment with high doses of the methyltransferase inhibitor 5-aza-dC resulted in increased levels of CSB. Ectopic overexpression of CSB in a fraction of cells resulted in delayed signs of senescence, but in the long-term CSB overexpression may reduce or block p21 expression, and p21 is essential for the survival of senescent cells 54 . Compatibly, CSB overexpression was observed in cancer cells 55 that do not undergo senescence.

Replicative senescence involves permanent activation of the DDR/p53/p21 pathway 10 . We showed that CSB depletion and CSB promoter hypoacetylation coincide with increased DNA damage (DSBs) during replicative senescence. DNA damage signal though telomere attrition is unlikely to play a role, since replicative senescence of IMR-90 fibroblasts in 20% oxygen has been shown to be telomere-independent 56 . Despite CSB is also implicated in DSB repair through chromatin remodeling 57 ,i ti s unlikely that this activity affects the early phases of replicative senescence since CSB depletion is simultaneous to increase of DNA damage. However, severe CSB depletion at later PNs may impair DSB repair, contributing to exacerbate the senescent phenotype. Our findings indicate that CSB depletion and subsequent HTRA3 overexpression in replicative senescence are specific to the DDR/p53/p21 pathway (they are also activated by radiation (DDR)-induced senescence), and not to DDR-independent/p16 senescence pathway.

Transcription of CSA, the other major protein mutated in CS, and which is not associated with the most severe form of the disease 58 , is not altered with replicative senescence, but the protein is depleted, although at a lower extent and several passages later than CSB, suggesting a different effect on senescence than CSB. Interestingly, we showed CSA depletion upon efficient silencing of CSB, suggesting that CSA levels depend, at least in part, on CSB. CSA and CSB are both involved in TC-NER and BER 59,60 . The apparently different underlying mechanisms and perhaps impact of CSB and CSA in replicative senescence support the notion that other causes than just impaired DNA damage repair are responsible for the severe defects of this disease 22,53 .

Finally, a 24 h treatment with MnTBAP limited HTRA3 overexpression in replicative senescence, but had no effect on the senescence trigger CSB, and in the long-term increased replicative lifespan of fibroblasts. This result indicates that MnTBAP acts downstream of, and partially compensates for, defects triggered by CSB depletion, in agreement with rescue of the HTRA3/ POLG1 defects in CS cells that are CSB impaired 22 . A previous study demonstrated that MnTBAP partially inhibits radiationinduced senescence in endothelial cells by rescuing complex II dysfunction 61 . These results suggest that MnTBAP limits the paracrine propagation of senescence by restricting the HTRA3/ POLG1/mitochondrial dysfunction, with implications for the treatment of CS, as well as ageing prevention therapies.

Our data reveal a role of CSB in protecting human primary fibroblasts from DDR-dependent replicative senescence, via downregulation of the senescence trigger p21, and link a progeroid factor to physiological ageing. This pathway points to CSB as a relevant functional anti-ageing regulator. In this context, cellular senescence could also participate in the precocious ageing phenotype observed in CS, as it is suggested by premature senescence of patient-derived CSA-mutated keratinocytes 21 .I t should be investigated in the future at which extent this defect, if confirmed in all CS patients, is correlated with and participates to the severity of the disease, whether CSA is implicated in the same pathway as CSB, and also whether it is operating in UVSS patients that lack the progeroid phenotype and whose cells do not display the HTRA3/POLG1/mitochondrial defect 22 . Finally, these data provide a DNA repair-independent mechanistic explanation for the reported association between high CSB levels and tumor proliferation 55 , and CSB polymorphism association with longevity 62 , supporting a key regulatory role of CSB in the ageing/ cancer axis.

Methods

Cell culture, population doubling, and treatments. Normal female human foetal lung IMR-90 fibroblasts were obtained from ATCC (CCL-186™). IMR-90 cells (initially thawed at PN14) were cultured in minimum essential medium (MEM, Gibco) supplemented with 2 mM L-glutamin (GlutMAX), 10% fetal bovine serum (FBS, Gibco; LOT#42Q7051K), 1% Penicillin-streptomycin (Gibco), 1% nonessential amino acids (Gibco) and 1% sodium pyruvate (Gibco) in 20% O 2 /5% CO 2 at 37 °C. When indicated, cells have been thawed at a later passage than PN14. When indicated, cells were treated with increasing doses (0.2, 0.5, 1 and 5 μM) of pablociclib (Selleckchem, S1579), a cdk4/6 inhibitor, for 7 days followed by 1 day of drug withdrawal, or with 100 μM of MnTBAP (Merck, 475870), a reactive oxygen/ nitrogen species (ROS/RNS) scavenger for 24 h. Early-passage IMR-90 cells (PN16) were harvested after 24 h (or 48 h when indicated) treatment with different histone acetyltransferase (HAT) inhibitors: 1-8 µM anacardic acid (AA) (Sigma-Aldrich, A7236, diluted in DMSO), 50 µM MG149 (Sellckchem S7476, diluted in DMSO), 50 µM CPTH2 (Focus Biomolecules,diluted in DMSO), 20 µM C646 (Sigma-Aldrich, SML0002, diluted in DMSO) or 10 µM curcumin (Sigma-Aldrich, C1386, diluted in ethanol), or with 5 µM MS275 (Sellckchem S1053, diluted in DMSO), a histone deacetylase (HDAC) inhibitor, or with increasing doses (2 and 10 µM) of 5-aza-2'-deoxycytidine (5-Aza-dC, Enzo Life Sciences, AXL-480-096-M005), a DNA methyltransferase inhibitor. Experiments with AA have been performed for 24 h and then cells were harvested, or cultivated for further 24 h upon drug withdrawal before harvesting. Control experiments were performed in the presence of an equivalent amount of the respective drug dilution buffer. When indicated, early-passage IMR-90 fibroblasts (PN18) were either expanded or left growing until confluence and either harvested (Conf) or kept for one or two more days in culture with medium changed daily (Conf + 1D and Conf + 2D, respectively) to ensure they stopped proliferating, before harvesting. For replicative senescence, IMR-90 (PN15) were grown to 80% confluence, counted, and serially subcultured (dilution 1:3) until cessation of growth. At each PN, the population doubling (PD) was calculated with the following formula: 3.32 (log (total viable cells at harvest/total viable cells at seed)); cumulative PDs were then plotted against time. In further experiments, IMR-90 fibroblasts were harvested at PN16, PN19, PN23, PN27, PN31, and PN35. Successive passages in culture were also applied to IMR-90 (PN25), in presence or absence of 10 μMo f MnTBAP or 10 nM rapamycin (diluted in DMSO, Enzo Life Sciences, BML-A275) in the cultured medium, and cells were harvested at PN27, PN29, and PN31 for further analyses.

For radiation-induced senescence, IMR-90 (PN16) were grown to confluence and irradiated at 10 Gy with the Xstrahl RS320 irradiator (X-ray). After irradiation, the medium was refreshed and cells were incubated overnight before 1:3 dilution and cultured for 10 additional days before experiments, according to ref. 35 . When indicated, cells were harvested at 7 and 15 days post-irradiation.

SA-β-gal staining. Cells were fixed with 2% paraformaldehyde (PFA, Alfa Aesar, 43368) and 0.2% glutaraldehyde (Sigma-Aldrich, G6257) in phosphate-buffered saline (PBS, Gibco) for 5 min at room temperature (RT) and washed twice with PBS before overnight staining at 37 °C with a 1 mg.ml -1 X-Gal solution (Thermo-Fisher Scientific, 15520018) containing 5 mM K 4 [Fe(CN) 6 ], 5 mM K 3 [Fe(CN) 6 ], 150 mM NaCl, 2 mM MgCl 2 , 40 mM citric acid/sodium phosphate, at pH 6.0. Cells were then rinsed in PBS and stored at 4 °C until imaging by light microscopy. A 500-1500 cells were assessed for each sample.

Lentiviral particles production and shRNA-mediated knockdown. Lentiviral particles were produced in HEK-293T cells (Institut Pasteur) after transfection of the following constructs: pLKO.1_puro encoding shRNA directed against human CSB (shCSB#1: Sigma-Aldrich, TRCN0000436471 and shCSB#2: Sigma-Aldrich, TRCN0000431424) or p53 (shp53: Sigma-Aldrich, TRCN0000003753), with the help of additional psPAX2 (packaging) (Addgene, 12260) and pMD2.G (envelope) (Addgene, 12259) plasmids, using calcium phosphate transfection method. The pLKO.1_puro Non-Mammalian shRNA (shSCR: Sigma-Aldrich, SHC002) was used as negative control. The culture medium was harvested and concentrated 48 h post-transfection.

Transduction of IMR-90 (PN18 or PN19) primary fibroblasts with shSCR, shCSB#1 or shCSB#2 was performed by incubating cells overnight with the viral particles in presence of polybrene (8 μgml -1 ) (Sigma-Aldrich, H9268). After 48 h, cells were resuspended in fresh puromycin (Toku-E, P001)-containing medium (2 µg.ml -1 ) and selected for another 48 h. Surviving cells were replated at the same density (8000 cells.cm -2 ) and subjected to replicative senescence. Successive passages in culture were also applied to transduced IMR-90, in presence or absence of 10 µM of pifithrin-α (PFT-α) (diluted in DMSO, Sigma-Aldrich, P4359) in the culture medium. For knockdown of both p53 and CSB, IMR-90 (PN19) were first transduced with shp53, selected with puromycin as indicated above, and transduced a second time with shCSB (#2).

Transfection of promoter reporter and expression vectors. The CDKN1A (encoding p21 waf1 ) promoter-eGFP reporter plasmid (pEZX-PF02) (HPRM51895-PF02, GeneCopoeia) was transfected in early-passage IMR-90 cells (PN16) using Lipofectamine 3000 (ThermoFisher) according to the manufacturer instructions. Forty-eight hours post-transfection, cells were cultured with 2 µg.ml -1 puromycin for >2 weeks to select stable integrations. The resultant stable cell population expressing GFP under the control of the CDKN1A promoter was then either not transduced or transduced with shSCR or shCSB#2, as described in the previous paragraph.

Ectopic expression of CSB was obtained upon transfection with Lipofectamine 3000 of early-passage IMR-90 (PN15) with the CSB (Myc-DDK-tagged) expression vector (pCMV6-Entry) (RC219020, OriGene), called here "pCSB". Transfection with pcDNA3.1 (ThermoFisher Scientific, V79020), which codes for neomycin resistance under control of a CMV promoter or "Empty vector" was used as control. The CSB coding sequence was verified by sequencing pCSB before transfection. pCSB was amplified in Stbl2 TM E.coli (ThermoScientific) at 30 °C, since amplification of pCSB in classic DH5 α E.coli resulted in multiple mutations (as indicated by the supplier). Transfected cells were kept in culture in the absence of selection for 8 days, including a passage in culture, before analysis.

RNA isolation and real-time quantitative PCR (RT-qPCR) assay. Total RNA was isolated from cells using the RNAeasy ® Micro kit (Qiagen) and reversetranscribed in cDNA with SuperScript IV Reverse Transcriptase (Thermo-Fisher Scientific). Possible RNA residues were degraded by incubation for 20 min at 37 °C with RNaseH (Takara Bio, 2150B). RT-qPCR was performed using PowerUp™ SYBR™ Green Master Mix (Thermo-Fisher Scientific) and the rate of dye incorporation was monitored using the StepOne Plus RealTime PCR system (Applied Biosystems). Three independent replicates were used for each condition. Data were analyzed by StepOne Plus RT PCR software v2. 1 (Thermo Fisher Scientific). TBP (human) transcript levels were used for normalization of each target (=∆CT). Realtime PCR C T values were analyzed using the 2 -∆∆Ct method to calculate the fold expression 63 . For experiments with palbociclib the fold expression was calculated individually for each replicate. qPCR primers used are listed in Supplementary Table 1, which includes the corresponding references.

Immunostaining. Cells plated on glass slides were fixed with 2% (wt/vol) PFA and permeabilized with 0.5% Triton X-100 (Sigma-Aldrich, T9284) for 15 min. The glass slides were incubated overnight in blocking solution (5% BSA (wt/vol) (Gerbu Biotechnik, 1503) in PBS) at 4 °C then 1 h at room temperature with the primary antibody (α-HTRA3 (1:200, Sigma-Aldrich, HPA021187), α-HTRA2 (1:200, Sigma-Aldrich, HPA027366), α-POLG1 (1:200,Santa Cruz Biotechnology,, α-CSB (1:200, Euromedex, CSB-3H8), α-Histone H2A.XpSer139 (1:2500, Millipore, 05-636), α-53BP1 (1:2000, Novus, NB100-304), α-p21 (1:500, BD Biosciences, 556430), α-ATP synthase β (1:200, Life technologies, A21351), α-GFP (1:1000, Abcam, ab13970), in a humidified chamber. After washing three times in PBS, samples were incubated with 10 μg.ml -1 Hoechst 33342 (Sigma-Aldrich, 14533) and the appropriate Alexa 488-or 555-conjugated secondary antibody (1:1000, Thermo Fisher Scientific) for 1 h at room temperature.

For the immunofluorescence assessment of global DNA methylation levels, cells were treated as in ref. 64 . Briefly, cells on glass slides were fixed with 0.25% (wt/vol) PFA (10 min, 37 °C) and 88% methanol (30 min, -20 °C). Cells were incubated in 1 N hydrochloric acid (30 min, 30 °C) to achieve antigen retrieval, and neutralized with 0.1 M sodium borate (pH 8.5). Glass slides were then incubated for 20 min in blocking solution (2% goat serum (wt/vol) Abcam, ab7481, in PBS) at 37 °C then overnight at 4 °C with the primary antibody α-5-methlycytosine (1:2000, Merck, MABE146, clone 33D3). Finally, samples were incubated with 10 μg.ml -1 Hoechst 33342 and the appropriate Alexa 555-conjugated secondary antibody for 1 h at room temperature.

Confocal acquisition and quantification. Confocal acquisitions were performed using a spinning-disk Perkin-Elmer Ultraview RS Nipkow Disk, an inverted laserscanning confocal microscope Zeiss Axiovert 200 M with a 40×/1.4 NA objective and a Hamamatsu ORCA II ER camera (UTechS PBI of Institut Pasteur, Paris). Optical slices were taken each 200-nm interval along the z-axis covering the whole depth of the cell, at resolution of 1.024/1.024 pixels 22 . Three-dimensional (3D) reconstruction was achieved using the Imaris software (Bitplane). Fluorescence quantification corresponding to the sum of the gray values of all the pixels in each cell divided by the number of pixels per cell and cell surface measurement were done with the ImageJ 2.0 v software (NIH) (this analysis normalizes the number of pixels with the cell size, and is relevant for comparing values of senescent cells that increase in size). For each condition, 30-50 cells were analyzed from three independent experiments.

Structured illumination microscopy (SIM). IMR-90 fibroblasts at PN16 and PN35 were cultured on precision glass coverslips thickness No. 1.5 H (Marienfeld Superior). Immunofluorescence was performed as indicated in the previous section, using Fluoromont-G (Thermo fisher Scientific) as mounting medium. SIM was performed on a Zeiss LSM 780 Elyra PS1 microscope (Carl Zeiss, Germany) using 63×/1.4 oil Plan Apo objective with a 1.518 refractive index oil (Carl Zeiss) and an EMCCD Andor Ixon 887 1 K camera for the detection. Fifteen images per plane per channel (five phases, three angles) were acquired with a Z-distance of 0.09 μm to perform 3D-SIM images. Acquisition parameters were adapted from one image to one other to optimize the signal to noise ratio. SIM images were processed with ZEN software and then aligned with ZEN using 100-nm TetraSpeck microspheres (ThermoFisher Scientific) embedded in the same conditions as the sample. The SIMcheck plugin in imageJ was used to analyze the acquisition and the processing in order to optimize for resolution, signal to noise ratio, and reconstruction pattern 65 .

Millipore, 06-599) overnight at 4 °C. After five washes in PBS containing 0.1% Tween20, the membrane was incubated with HRP-conjugated (1:10000, Thermo Fisher Scientific) or fluorophore-conjugated (F-C) secondary antibodies (1:5000, Bio-Rad and 1:25000, Biotium) for 1 h at RT and revealed by chemiluminescence or fluorescence respectively. When necessary, 0.1 M of glycine (pH 2) was used as stripping buffer for 20 min, followed by reblotting with HPR-conjugated secondary antibodies. Detection was performed using Chemidoc™ MP imaging system (Bio-Rad). Experiments were done in duplicate, and a representative Western blot was shown. Staining with ATX Ponceau S Red (Sigma-Aldrich, 09189) was used as a further marker of protein content. For Western blot analysis of the five OXPHOS complexes, cell lysates were not boiled and membranes were probed with the Total OXPHOS Human WB Antibody Cocktail (1:1000, Abcam, ab110411). Western blot bands quantification were done using the ImageJ software. Uncropped and unprocessed scan of all the blots are provided in the Source Data File.

Quantitative chromatin immunoprecipitation (qChIP) assay. For ChIP, 8 × 10 6 IMR-90 were cross-linked in 1% formaldehyde (Sigma-Aldrich, 252549) for 10 min, followed by addition of 125 mM glycine to stop the reaction (5 min). Cells were then washed in PBS, resuspended in lysis buffer , 10 mM EDTA, 0.5 mM EGTA, 0.25% (v/v) Triton X-100, and protease and RNase inhibitors) for 5 min on ice. The pellets were then resuspended in 250 mM NaCl, 50 mM Tris-HCl (pH 8), 1 mM EDTA, 0.5 mM EGTA, for 30 min on ice to wash out non-cross-linked material. The resulting pellets were resuspended in 10 mM Tris-HCl (pH 8), 1 mM EDTA, 0.5 mM EGTA, 1% (w/v) SDS and chromatin was sheared by sonication (final average size of 200-500 base pairs, (bp)). The chromatin was diluted to obtain the following buffer composition: 0.1% (w/v) SDS, 1% (v/v) Triton, 0.1% (w/v) sodium deoxycholate, 10 mM Tris-HCl (pH 8), 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, and protease and RNase inhibitors.

ChIPs were carried out by incubating 10 to 20 μg of chromatin with 1 μgo f either antibody: (α-acetlyl-Histone H3 (Millipore, 06-599), α-Histone H3 (Abcam, ab1791), (N-and C-terminal) α-CSB (Bethyl, A301-345A and Abcam, ab96089, respectively), or α-rabbit IgG (Santa Cruz Biotechnology, sc-2027) as a control. After overnight incubation at 4 °C, 40 μl of protein G-Dynabeads™ (Thermo-Fisher Scientific, 10004D) were added on lysate for 2 h at 4 °C. After extensive washing, DNA was isolated from the beads by successive boiling for 10 min in the presence of 10% (w/v) Chelex 100 Resin (Bio-Rad, 1421253), incubating at 55 °C for 30 min in the presence of 100 µg.ml -1 of Proteinase K (Eurobio Ingen, GEXPRK01-E), and boiling again for 10 min. After centrifugation, the resulting supernatant was used as a direct template for qPCR detection of regions of CSB (Supplementary Fig. 9c) or p21 Waf1 promoters (Fig. 4b) (primers listed in Supplementary Table 1). Immunoprecipitated chromatin with the indicated antibodies was calculated as a percentage of the input DNA after normalization with control ChIP performed with rabbit IgGs (Mock). Immunoprecipitated chromatin with acetyl-Histone H3 was finally normalized to the H3 histone. Chromatin templates were also used for PCR detection of regions of the promoter of p21 Waf1 (Fig. 4a) (primers listed in Supplementary Table 1), using the following PCR profile: preincubation for 5 min at 95 °C, 40 cycles of 30 s at 95 °C, 30 s at a primer-specific annealing temperature (60 °C) and 30 s at 72 °C, and one final 10 min incubation at 72 °C. The PCR products were separated by electrophoresis through 2.0% agarose gel and detected with the Gel Doc 2000 imaging system (Bio-Rad).

Genomic DNA isolation and methylation assays. Genomic DNA (gDNA) from IMR-90 was isolated using the QIamp ® DNA mini kit (Qiagen) and 800 ng of DNA was treated with sodium bisulfite using the EZ DNA Methylation™ Kit (Zymo Research), according to supplier instructions, to convert non-methylated cytosine residues to uracyle. Universal methylated human DNA standard (Enzo Life Sciences, ENZ-45005-0001) was use as a positive control.

The region of interest corresponding to a CpG island located in the promoter of the CSB gene (Supplementary Fig. 7) (from -603 to -396, transcription start site (TSS) as +1: chr10:50747072 (GRCh37 coordinates)) was PCR amplified using 20 ng of bisulfite-treated genomic DNA. The primers for CSB (listed in Supplementary Table 1) were designed by web-based MethPrimer 2.0 software 66 . The PCR products (208 bp) were gel extracted using the Wizard ® SV Gel and PCR Clean-Up system (Promega) following the supplier instructions and sent for direct sequencing (Cochin Sequencing Platform, Paris, France). The level of methylation, expressed as a percentage of methyl-cytosine (%Methyl-C = (Methyl-C/(Methyl-C + C)) × 100), was analyzed at the single nucleotide resolution using the 4peaks software (Nucleobytes), in a total of eight CpG sites located at -564 (#1), -557 (#2), -545 (#3), -536 (#4), -528 (#5), -505 (#6), -494 (#7), -441 (#8) from the transcription starting site (TSS).

ROS detection. The levels of oxidative stress were assessed measuring reduced glutathione (GSH), a strong scavenger of ROS, and its ratio with oxidized glutathione (GSSG), using the GSH/GSSG-Glo TM Luminescent assay (Promega) following the manufacturer's instruction. The GSH/GSSG ratio was assessed in 20,000 cells plated on 96-well white-wall plate using the Tecan plate reader. For detection of mitochondrial superoxide ions, cells were incubated with 5 μM MitoSOX Red Mitochondrial Superoxide indicator (Thermo-Fisher Scientific, M36008) for 10 min at 37 °C.

Total ATP steady-state assays. Ten thousand cells plated on 96-well white-wall plate were treated with 10 µM oligomycin for 1 h (for glycolytic ATP) or untreated (for total ATP levels); cells were then tested with the CellTiter-Glo Luminescent assay (Promega) according to supplier instructions using a Tecan plate reader.

Statistical analysis. To determine statistical significance between groups, Student's t-test (unpaired, two-tailed; for two groups) and one-or two-way analysis of variance (ANOVA; for three or more groups) with post-hoc Tukey's or Sidak's test, were used assuming normal distribution of the data. For experiments with palbociclib the statistical significance of RT-qPCR was determined using RM (repeated measures) one-way ANOVA with post-hoc Tukey's test. Linear regression was modeled for selected pairs of transcripts using the R software. All statistical details of experiments, including the statistical test used, the number of independent experimental replications, the definition of center and dispersion, the relevant values of the test summary: for ANOVA the F ratio, the corresponding degrees of freedom (DF) for the numerator (DFn) and the denominator (DFd), and the ANOVA p-value (interaction p-value for two-way ANOVA), and for the Student's t-test the t ratio and DF, are reported in each corresponding figure legend. The post-hoc p-values are indicated in the figures panels: the exact p-value is indicated with the exception of p < 0.0001 as these values are no further specified by GraphPad Prism 6.0; post-hoc p-values > 0.05 are prevalently not indicated. All statistical analyses were performed using the GraphPad Prism 6.0 Software (GraphPad software).

Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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Figure 6 .

 6 Figure 6. CSB mutations illustrating elusive phenotype to genotype correlations. Examples of CSB early truncations leading to UVSS (p.Arg77X), CSI (p.Leu72CysfsX12) or CSII (p.Lys345AsnfsX24). Mutations close to the C terminal, resulting in a protein that contains all the ATP-ase domains, lead to CS type II (p.Arg1087X, p.Lys1239GlufsX2). Examples of CSB mutations leading to different phenotypes are underlined in violet. The homozygous p.Trp517X and p.Gly715X mutations can lead to either CSI or CSII. Acidic region (A), nuclear localization signal (N), helicase motifs (I, IA -VI), CSA-interaction motif (CIM) and ubiquitin binding domain (UBD).

Figure 9 .

 9 Figure 9. CSTB synthesis, sorting, maturation, and subcellular localization.

  (a) Steps for CTSB synthesis and sorting and final subcellular localization. Man-6-P: mannose-6-phosphate; RER: Rough endoplasmic reticulum; TNG: trans-Golgi network (b) Illustration of key steps of proCTSB maturation. (c) Illustration of CTSB

Figure 13 .

 13 Figure 13. Most relevant unanswered questions about CS. Objectives I, II and III are addressed in chapters I, II and III, respectively.

  Coimmunoprecipitation experiments showed that the active form of CTSB co-immunoprecipitates with endogenous RAC1 in CS and WT fibroblasts (Fig 5b). Moreover, HTRA3 downregulation in WT and CS cells resulted in reduced RAC1 levels (Fig 5c), as it was also the case for CTSB (see Fig. 3b above), suggesting that HTRA3 also stabilizes RAC1. The regulation of RAC1 by HTRA3 was post-translational since RAC1 transcripts increased upon HTRA3 silencing (Fig 5d), probably as a compensatory mechanism for the depleted protein, again as it was the case for CTSB. Accordingly, ectopic overexpression of HTRA3 increased the levels of RAC1 (Fig 5e). In further analogy with CTSB, treatment with the translation inhibitor cycloheximide resulted in larger amounts of RAC1 when HTRA3 was overexpressed (Fig 5e), indicating that HTRA3 stabilizes RAC1. In agreement with these findings, restoration of the HTRA3 protein content in CS1AN-SV cells 4 days post-transduction (see above Fig.S3b and c) was accompanied by an increase of RAC1 transcript (Fig.5g) and protein (Fig.5f). Conversely, MRC5-SV cells that maintained HTRA3 depletion at this time point displayed reduced RAC1 protein (Fig.5f) despite increased transcription (Fig.5g), i.e. indicating destabilized RAC1 upon HTRA3 depletion.
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 2 Figure 2. CTSB induces POLG1 protein depletion in WT and to a larger extent in CS cells

Figure 3 .

 3 Figure 3. CTSB is stabilized by HTRA3

Figure 4 .

 4 Figure 4. Active CTSB is present and in mitochondria

Figure 5 .

 5 Figure 5. RAC1 is stabilized by HTRA3 and interacts with CTSB

Figure 6 .

 6 Figure 6. RAC1 downregulation leads to a rapidly compensated downregulation of CTSB and HTRA3 proteins.

Figure 7 .

 7 Figure 7. CTSB overexpression is recapitulated in cellular senescence

Figure S3 .

 S3 Figure S3. Assessment of HTRA3 levels in CS-III primary fibroblasts and CTSB and RAC1 levels 4 days post-transduction of shHTRA3

Figure S4 .

 S4 Figure S4. Mitochondria-targeted truncated CTSB (-2,-3) expression and active CTSB.

  (b) Indication of specific CTSB forms that are found in MRC5-SV and CS1AN-SV cells, including a shCTSB condition to show which specific CTSB bands in WB. (c) Analysis if CTSB (-2,-3) mRNA levels in primary WT, UVSS, and CS patient-derived fibroblasts. CTSB (-2,-3) is a truncated CTSB isoform that contains a new N-terminal leader sequence that targets this protein to mitochondria instead of lysosomes. (d) SIM analysis of sublocalization of CTSB activity and mitochondria in MRC5-SV (one plan of a z-stack acquisition for each cell). Mitochondria were visualized using MitoTracker (green), CTSB activity using Magic Red CTSB (red), and nuclei were stained with Hoechst (blue). Scale bars = 10 µm. A 1.5x magnification is shown on the right with immunostaining for MitoTracker, CTSB activity, and merge (representative arrow for CTSB activity / MitoTracker colocalization).

Figure S7 .

 S7 Figure S7. Generation of isogenic BJ-5ta hTERT CSB knocked-out cells

  mCherry-positive cells were sorted by fluorescence activated cell sorting (FACS) into 96-well plate and clones were expanded.Classic conditions for CRISPR/Cas9 editing resulted in successful editing of WT MRC5-SV fibroblasts. Conversely, conditions had to be optimized for single-cell derived clonal growth of CS1AN-SV, since these cells are extremely sensitive to the procedure. Single-cell clonal growth was finally achieved by 1) sorting individual cells not directly in a well of the 96 well plate, but rather as a bulk, to allow recovery in a multicellular environment 2) after recovery and plating, growing CS1AN-SV single-cell derived clones in a special medium. This special medium consisted of a 1:1 mixture of complete (fresh) medium and conditioned medium (i.e. filtered medium in which normal fibroblasts have been previously cultured, and which contains secreted growth factors and metabolites). The conditioned medium likely provides components that allow amplifying the isolated fibroblast.A total of 50 MRC5-SV clones and 40 CS1AN-SV clones were screened by genomic DNA sequencing of the edited region. Results showed successful ssODN incorporation in two different MRC5-SV clones, MRC5-SV CSB-/-#1 and MRC5-SV CSB-/-#2 (that contains the desired c.1009A>T mutation, see below) and one CS1AN-SV clone, CS1AN-SV CSB+/-#1 (that contains the expected CSB WT sequence) (Fig.16b). The introduced silent mutation at the PAM site was detected in the CRISPR-edited clones, further confirming successful gene editing at the genomic target sites.MRC5-SV CSB-/-#1 and MRC5-SV CSB-/-#2 clones contained the desired mutation in one allele, and the other allele carried a 13bp deletion (1004_1016del), also introduced by the editing, that results in a frameshift of the open reading frame (ORF). This frameshift generates a premature translation termination site, resulting in a 354 aa polypeptide, the last 22 amino acids of which differ from CSB WT (Fig.16c). These MRC5-SV clones are therefore predicted to express a 336-amino acid (one allele) and a 354-amino acid (the other allele) N-terminal fragments of CSB. The first protein truncation is exactly as in the CS1AN-SV allele. The second allele, which is lost in immortalized CS1AN-SV, is thus a protein truncation (354 aa CSB) in the edited cells. For information, before immortalization, primary CS1AN carried a mutation at position 2569 (that deletes part of exon 13, resulting in non-functional CSB). The second truncated CSB polypeptide in MRC5-SV CSB+/-#1 and #2 is actually very close to N-terminal

( a )

 a Illustration of the planned genome editing in MRC5-SV (insertion of c.1009A>T) and CS1AN-SV (correction of c.1009A>T) cells using CRISPR-cas9. The mutation nomenclature follows the format indicated at http://varnomen.hgvs.org/. Nucleotide numbering of coding sequences starts with number 1 at the A of the ATG start codon. Genotype validation of CRISPR-cas9 editing at the targeted CSB genomic sites by genomic DNA sequencing in (b) MRC5-SV CSB-/-#1 and MRC5-SV CSB-/-#2 and (c) CS1AN-SV CSB+/-#1. (d) Alignment of CSB polypeptides (prediction) expressed by MRC5-SV CSB-/-#1 and # MRC5-SV CSB-/-#2 cells and, as reference the WT CSB protein, as well as the predicted CSB found in CS1AN-SV cells and several CS patients with similar mutations (patients codes: CS13PV, V13, V12, V7 and CS2PV; framed in yellow). CSB mutations in these patients are as follow: CS1AN: c.1009A4T and c.2569C4T; CS13PV: c.1070C>G: V12, V13 and V7: c.1034_1035insT; CS2PV: c.972dupA and c.

  recent years, epigenome-wide association studies (EWAS) performed in ageing contexts demonstrated that measuring the methylation percentages of specific CpG islands of the genome can be used to build epigenetic ageing clocks. These CpG islands change their methylation saturation in a specific manner during the ageing process. Some of them lose methylation, and others become more methylated. The landmark DNA methylation clock was published in 2013 by Steve Horvath, with the first pan-tissue clock (Horvath 2013). This clock, based on the methylation of 353 CpG, displayed an impressive accuracy predicting chronological age with a correlation of 0.96 and a median error of 3.6 years across diverse cells and human tissues. Numerous other clocks have been developed since, many of which use different sets of CpG sites

  previous experiment(control 198VI from 2.16 to 19.4 years; CS539VI from 24.25 to 59 years). This difference could be explained by the increased passage number (PN) at the time of the experiment (PN 12 in Crochemore et al vs. PN 14 in the current experiment), and/or by the different technique and epigenetic clock used. This result is in agreement with the observation that in primary cells an increase in PN correlates with an increase in the DNA methylation clock value[START_REF] Horvath | DNA methylation age of human tissues and cell types[END_REF]. The PN has relevance as it is linked to multiple physiological changes and replicative senescence.As we could not exclude a priori that the PN may also affect the epigenetic clock of SV-40 immortalized fibroblasts, we compared the epigenetic age of MRC5-SV, CS1AN-SV, and CRISPR-edited clones at a low PN (at the time of harvesting the first clonal expansion) and at a high PN (after 2 more months in culture). Although all cells were treated the same way, it is difficult to assess the exact PN of edited cells after the clonal expansion. Results showed that low and high PN cells have comparable epigenetic age, and in all cells this value was much higher than a reasonable chronological age (Fig17d). CS1AN-SV cells did not show an accelerated epigenetic age compared to WT MRC5-SV cells. Additionally, CSB depletion or correction in MRC5-SV or CS1AN-SV cells, respectively, did not result in a change of the epigenetic age. Altogether, these results show that immortalized cells are not a reliable system (b) CS1AN-SV CRISPR-edited clone expressing the WT CSB, its non-edited counterpart (CSBdeficient), and MRC5-SV as a reference for WT CSB expression.

Figure 19 .

 19 Figure 19. Effect of the genetic background and the CSB mutation on global transcriptomic patterns. (a) Principal component analysis (PCA) of expression levels of all samples assessed by RNAsequencing. Specific PCA of isogenic CSB-proficient and CSB-deficient samples in (b) CS1AN-SV and (c) MRC5-SV cell lines. Each dot represents a sample.

  and b). The low number of common DEGs is in agreement with PCA results, showing highly different RNA expression patterns, and different CSB-dependent modifications, in each cell line.

Figure 20 .

 20 Figure 20. Common differentially expressed genes (DEGs) in CSB-deficient MRC5-SVCSB-/-#1 #2 and CS1AN-SV cells.

  summary, we generated two MRC5-SV CRISPR-edited clones, that contain the expected c.1009A>T mutation and a novel 1004_1016del mutation that is very close to alleles found in CS patients. The four CSB copies present in the original MRC5-SV cell line have been all CRISPR-edited, as shown by Sanger sequencing, absence of CSB bands in Western blots, and cell hypersensitivity to UV irradiation (since a single functional copy is enough to confer UV resistance). We have also corrected the c.1009A>T mutation in CS1AN-SV, leading to the expression of a functional WT CSB. Unfortunately, the methylation clock based on selected CpGs does not seem to work in these immortalized cells, thereby we could not observe changes in this parameter in the presence and in the absence of CSB. Re-expression of CSB in CS1AN-SV cells rescued the HTRA3/CTSB/POLG1 defects, whereas strikingly, CSB depletion does not recapitulate these defects (HTRA3/CTSB/POLG1) in MRC5-SV cells.

  et al. 2020). hTERT immortalized fibroblast may also display low HDR efficiency since they retain normal fibroblast cell growth[START_REF] Jiang | Telomerase expression in human somatic cells does not induce changes associated with a transformed phenotype[END_REF]. It should be noted that during CRISPR-Cas9 editing, the HDR rates can vary according to experimental factors like the gRNA, the type and concentration of donor DNA, the cell type, in addition, obviously, to the phase of the cell cycle in which the editing takes place. These factors, and many others, may contribute to the high variability of HDR efficiency observed across different cells and experiments in the literature. I applied the same CRISPR-Cas9 editing pipeline previously used in the MRC5-SV/CS1AN-SV cells lines to introduce the two alternative points mutations (c.1009A>T or c.229C>T) in BJ-5ta-hTERT fibroblasts. For this, I performed two independent transfections with gRNAs and ssODN specific to either the c.1009A>T or the c.229C>T mutation. Our strategy to maximize the chances of detecting HDR events was to sequence a large number of clones, and for this objective not only I isolated and analyzed clones derived from one cell

CHAPTER 3 :

 3 CS-specific alterations are recapitulated during replicative senescence and are specific to the DDR/p21 pathway In this chapter I describe the contributions to the study published in Nature Communications (full article in Annex 1), in which I am second author. Part of this work was conducted during the revision phase of the manuscript, in which a played a leading role, together with the first author.

I

  then investigated the subcellular localization of CTSB/HTRA3-dependent POLG1 degradation. POLG1 is a nuclear-encoded protein, translated in the cytosol, and imported into mitochondria. Subcellular fractionation experiments showed that the CS-specific decrease of POLG1 was apparently in the mitochondrial fraction and not in the cytosolic fraction, pointing to POLG1 degradation in mitochondria. In the study shown in chapter 3(Crochemore et al. 2019), with super-resolution microscopy we showed that at least a fraction of the HTRA3 pool is present in mitochondria, the rest being in non-mitochondrial cytosol. These single-cell data corrected a previous study where Western blot experiments of cells extracts localized HTRA3

  CSB mutation in one allele of the immortalized CS1AN-SV cells, generating a heterozygous condition that behaves as a wild type. Conversely, I introduced this mutation in WT MRC5-SV cells. With the present technology, CRISPR-Cas9 genome editing remains unfeasible for primary fibroblasts to be further used for mechanistic analyses, since these cells have a limited amplification potential and would undergo senescence during clonal expansion. The immortalized CS1AN-SV cell line was used instead, because it has almost unlimited amplification potential. Moreover, a large amount of biochemical and cellular data are available on this cell line, in which CS molecular defects have been widely characterized (Scheibye-

Figure 29 .

 29 Figure 29. Isogenic CSB-deficient/CSB-proficient fibroblasts generated in this study.

  Cells were imaged using a Nikon Ti2E confocal fluorescent microscope with Yokogawa CSU-W1 Spinning Disk integrated with an 63x/1.4 oil objective and a Hamamatsu Orca Flash 4 camera (UTechS PBI of Institut Pasteur, Paris). For 3D analysis, 25-38 Z-stack images covering the whole depth of the cell were acquired. Quantifications were done with the ImageJ 2.0 v software (NIH) by dividing the sum of the gray values of all the pixels in each cell by the number of pixels per cell and cell surface. Images are shown as summed projections of several confocal planes. For each condition, 30-60 cells were analyzed from three independent experiments.

with 1

 1 mg/ml X-Gal solution (Thermo-Fisher Scientific, 15520018) containing 5 mM K3[Fe(CN)6], 5 mM K4[Fe(CN)6], 150 mM NaCl, 2 mM MgCl2, 40 mM citric acid/sodium phosphate, at pH 6.0. Stained cells were washed with PBS and stored at 4 °C until imaged by light microscopy. For each sample, 500-1500 cells were analyzed.
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Fig. 1

 1 Fig.1Overexpression of HTRA3 and mitochondrial impairment in replicative senescence. a Cumulative population doubling of IMR-90 fibroblasts (starting from PN15). Senescence corresponds to plateau (proliferative arrest). Cells analyzed at PNs identified with black arrows; n = 3 independent cultures; mean ± SD, values are reported in the Source Data file. b Percent of SA-β-gal + cells; n = 1100-1340 cells (PN16-PN27) and n = 180-410 cells (PN31-PN35) from three independent experiments, mean ± SEM (values indicated on the top of columns); one-way ANOVA (F = 768.9, DFn = 5, DFd = 5551, p < 0.0001) with post-hoc Tukey's test vs. PN16. c Quantification of mean HTRA3 fluorescence intensity per cell at indicated PN (representative images in Supplementary Fig.1d). d Sublocalisation of HTRA3 and mitochondria in early-passage (PN16) and senescent (PN35) IMR-90 fibroblasts with SIM (one plan of a z-stack acquisition for each cell). Cells immunolabelled for ATP synthase β (green) to reveal mitochondria, and HTRA3 (red); nuclei counterstained with Hoechst (blue). Scale bars = 10 µm. For each cell, a x2.5 magnification of a region (1 or 2) is shown on the right with immunostaining for ATP synthase β, HTRA3, and merge (representative arrowhead for HTRA3/ATP synthase β colocalization, arrow for extra-mitochondrial HTRA3, and triangle for mitochondria with no HTRA3 signal detection). e Immunoblot of HTRA3, and GAPDH (loading control, reprobing after stripping). α-HTRA3 antibody recognizes long and short isoforms(Supplementary Fig 1e). f Quantitative RT-qPCR of HTRA3 (short and long form), p21 Waf1 , p16 Ink4 , and IL-6 transcripts. n = 3 independent experiments; mean ± SD; one-way ANOVA (HTRA3s: F = 13.12, DFn = 5, DFd = 12, p = 0.0002; HTRA3l: F = 29.12, DFn = 5, DFd = 12, p < 0.0001; p21 Waf1 : F = 63.24, DFn = 5, DFd = 12, p < 0.0001; p16 Ink4 : F = 38.71, DFn = 5, DFd = 12, p < 0.0001; IL-6: F = 29.75, DFn = 5, DFd = 12, p < 0.0001) with post-hoc Tukey's test vs. PN16 (p-values on the top of scatter plots/columns). Quantification of mean fluorescence intensity (mFI) of g HTRA2 and h POLG1 immunolabeling per cell (representative images in Supplementary Fig.3c, d). i WB of POLG1, HTRA2, each with the loading control GAPDH. IFs: n = 30-50 cells from three independent experiments; mean ± SEM; one-way ANOVA (c F = 58.32, DFn = 5, DFd = 194, p < 0.0001; g F = 30.75, DFn = 5, DFd = 194, p < 0.0001; h F = 16,67, DFn = 5, DFd = 193, p < 0.0001) with post-hoc Tuckey's test. IF measurements include normalization to cell size. Source data are provided as Source Data files.

Fig. 2

 2 Fig. 2 CSB depletion is an early event in replicative senescence. a RT-qPCR of CSB and CSA. n = 3 independent experiments; mean ± SD; one-way ANOVA (CSB: F = 19.40, DFn = 5, DFd = 12, p < 0.0001; CSA: F = 2.55, DFn = 5, DFd = 12, p = 0.855) with post-hoc Tukey's test vs. PN16 (p-values on the top of scatter plots/columns) when not specifically indicated. b WB of CSB and CSA, each with the loading control GAPDH (lower blot, GAPDH F-c staining). Upper band in CSB blot is non-specific 67 . c Representative confocal acquisitions of cells immunostained for CSB (green) and counterstained with Hoechst (blue) after maximum intensity projection with Imaris, scale bar = 50 µM, and d quantification of the CSB mFI/cell. n = 30-50 cells from three independent experiments; mean ± SEM; one-way ANOVA (F = 13.76, DFn = 5, DFd = 189, p < 0.0001) with post-hoc Tukey's test vs. PN16 when not specifically indicated. IF measurements include normalization to cell size. Source data are provided as Source Data files.

Fig. 3

 3 Fig. 3 CSB knockdown induces premature p21-dependent senescence. a Scheme of the experiment. b Immunoblot of CSB at PN20. GAPDH was used as a loading control. c Quantitative RT-qPCR of CSB at PN19 and PN20 in IMR-90 fibroblasts knocked down for CSB (shCSB#1 and shCSB#2) and scramble control (shSCR). n = 3 independent experiments, mean ± SD, values are reported in the Source Data files; two-way ANOVA (F = 28.24, DFn = 2, DFd = 12, p < 0.0001) with post-hoc Tukey's test vs. shSCR. d Direct correlation between p21 Waf1 and HTRA3 transcript in control shSCR (from data in Supplementary Fig. 5b, c). e Cumulative population doubling of serially passaged IMR-90 (starting at PN18, n = 3 independent cultures). f Quantification of SA-β-gal + cells from PN19 to PN28 (cultures stopped growing at PN26 with shCSB#1 and at PN24 with shCSB#2); n = 1160-4480 cells/condition from three independent experiments, mean ± SEM; two-way ANOVA (PN19-24: F = 542.3, DFn = 2, DFd = 40677, p < 0.0001. PN25-26: F = 78.71, DFn = 1, DFd = 5114, p < 0.0001) with post-hoc Tukey's (PN19-24) or Sidak's (PN25-26) tests vs. the respective shSCR; n.a = not applicable. Arrows indicate the initial burst of SAβ-gal + staining upon CSB silencing. SA-β-gal + cells in shSCR at PN19-PN20 probably result from response to lentiviral infection 68 . RT-qPCR of g p21 Waf1 and h HTRA3 at PN19 and PN20. n = 3 independent experiments, mean ± SD; two-way ANOVA (p21 Waf1 : F = 44.26, DFn = 2, DFd = 12, p < 0.0001. HTRA3: F = 35.04, DFn = 2, DFd = 12, p < 0.0001) with post-hoc Tukey's test vs. shSCR. Data in panels c, g, h (which are limited to PN19 and PN20) are extracted from panels in Supplementary Fig. 5a-c. i WB of HTRA3, p21, HTRA2, POLG1, p16, and CSA at PN20. Samples on the same blot are framed; each frame displays the respective GAPDH or β-tubulin used as a loading control (middle blot, GAPDH F-C staining). High levels of p16 in shSCR are compatible with lentiviral infection 69 . j Linear regression of each individual value in Supplementary Fig. 5a (CSB, x-axis) vs. log10-transformed values in Supplementary Fig. 5b (p21 Waf1 , y-axis). Source data are provided as Source Data files.

Fig. 4

 4 Fig. 4 CSB binds to the p21 Waf1 promoter. a PCR (agarose gel) and b quantitative PCR (histogram) analyses of several DNA fragments in the p21 Waf1 promoter from ChIP assays with either N-term α-CSB [Bethyl] or C-term α-CSB [Abcam] antibodies. c Scheme not at scale of primer positions on the p21 Waf1 promoter and summary of positive amplifications in turquoise (boxes in magenta indicate no amplification). n = 3 independent experiments; one-way ANOVA (5'p53RE: F = 7.698, DFn = 2, DFd = 6, p = 0.0220. 3'p53RE: F = 17.11, DFn = 2, DFd = 6, p = 0.0033; TATA: F = 0.8699, DFn = 2, DFd = 6, p = 0.4659) with post-hoc Tukey's test for each tested regions vs. Mock. d Scheme of the CDKN1A (p21 waf1 ) promoter-eGFP reporter plasmid. e Representative confocal acquisitions of cells stably expressing the CDKN1A (p21 waf1 ) promoter-eGFP reporter upon shCSB#2 silencing or control shSCR, immunostained for GFP (green) to increase the signal of endogenous GFP, and counterstained with Hoechst (blue) after maximum intensity projection with Imaris; scale bar = 50 µM, and f quantification of the GFP mFI/cell; n = 127 cells/condition from three independent experiments, mean ± SEM; unpaired t-test (two-tailed) (t = 4.555, DF = 253), p-value vs. shSCR. g WB of GFP and GAPDH (loading control) in cells not expressing (Mock GFP) or stably expressing (Mock shRNA) the CDKN1A (p21 waf1) promoter-eGFP reporter, not silenced (shSCR) or silenced for CSB (shCSB#2). Cells that express GFP display a band at 27 kDa, and also an upper band at around 60 kDa, in particular upon CSB silencing, corresponding to dimers observed in other conditions70 . Source data are provided as Source Data files.

Fig. 5

 5 Fig. 5 CSB depletion by histone H3 hypoacetylation of its promoter. a Quantitative RT-qPCR of DNMT3A, DNMT3B, and DNMT1. b DNA methylation (percent) of eight individual CpG sites in the CSB promoter at the indicated PN (positive control [CTL + ], a universal methylated (human) DNA standard). n = 3 independent experiments, mean ± SD; two-way ANOVA (F = 2.983, DFn = 5, DFd = 96, p = 0.0151) with post-hoc Tukey's test. c Immunoblots of H3 acetylated (H3Ac) and total histone H3 (reprobed after H3Ac stripping) at the indicated PN, with GAPDH as a loading control. d Quantitative RT-qPCR of HDAC1 and HDAC2. e Quantitative PCR of DNA in a ChIP assay with either α-H3 acetylated or total α-H3 (material not available at PN35). Primers detect the occupancy of H3Ac/H3 at a specific region of the CSB promoter. Results are expressed as the percentage of input DNA normalized to H3 occupancy. f Scheme indicating the anacardic acid (AA) target. g Quantitative RT-qPCR of CSB upon treatment with increasing concentrations of AA or DMSO (Vehicle) for 24 h, and in untreated control (Untreated). h Immunoblot of H3 acetylated, total H3 histone, CSB, HTRA3, HTRA2, and p21 from whole-cell extracts with increasing concentrations of AA or DMSO (Vehicle) for 24 h, and 24 h after AA withdrawal and in the corresponding controls (Untreated). Samples on the same blot are framed; each frame displays the respective GAPDH used as a loading control (GAPDH (F-C staining in the middle blot)). Quantitative PCRs: n = 3 independent experiments; mean ± SD; one-way ANOVA (a DNMT1: F = 9.129, DFn = 5, DFd = 12, p = 0.0009; DNMT3A: F = 0.05094, Dfn = 5, DFd = 12, p = 0.9980; DNMT3B: F = 0.5325, DFn = 5, DFd = 12, p = 0.7481; d HDAC1: F = 12.93, DFn = 5, DFd = 12, p = 0.0002; HDAC2: F = 3.826, DFn = 5, DFd = 12, p = 0.0264; e H3: F = 2.298, DFn = 4, DFd = 10, p = 0.1304; H3Ac/H3: F = 5.064, DFn = 4, DFd = 10, p = 0.0171; g F = 9.516, DFn = 4, DFd = 10, p = 0.0019) with post-hoc Tukey's test vs. PN16 (or Vehicle, g) when not specifically indicated. i Quantitative PCR analysis of a DNA fragment in the CSB promoter from ChIP assay with α-H3 acetylated in the presence and in the absence of AA treatment; n = 3 independent experiments, mean ± SD; unpaired Student's t-test (two-tailed) (t = 3.908, DF = 4) vs. Vehicle. Source data are provided as Source Data files.

Fig. 6

 6 Fig. 6 CSB-induced senescence is independent of p53. a RT-qPCR and b WB (Ponceau Red staining as a loading control) of p53 in IMR-90. c Experimental set-up of the two-step transduction of IMR-90, indicating also cell density at seeding. d RT-qPCR of p53 after silencing (PN21). RT-qPCRs: n = 3 independent experiments, mean ± SD; one-way ANOVA (a F = 10.38, Dfn = 5, DFd = 12, p = 0.0005; d F = 15.37, DFn = 3, DFd = 8, p = 0.0011) with posthoc Tukey's test. e Population doubling after two passages in culture; n = 3 independent experiments, mean ± SD; GraphPad Prism two-by-two comparison of slope after linear regression (shSCR/shSCR vs. shp53/shSCR: F = 8.87048, DFn = 1, Dfd = 14, p = 0.1; shSCR/shCSB vs. shp53/shCSB: F = 0.103672, Dfn = 1, DFd = 14, p = 0.7522; shSCR/shSCR vs. shSCR/shCSB: F = 80.735, DFn = 1, Dfd = 14, p < 0.0001; shSCR/shSCR vs. shp53/shCSB: F = 186,816, Dfn = 1, DFd = 14, p < 0.0001; shp53/shSCR vs. shSCR/shCSB: F = 79.2891, DFn = 1, Dfd = 14, p < 0.0001; shp53/shSCR vs. shp53/shCSB: F = 163.975, DFn = 1, DFd = 14, p < 0.0001). f Experimental set-up and g population doubling of IMR-90 transduced with either a non-targeted (shSCR) or a CSBtargeted (shCSB) shRNA and grown in presence ( PFT-α) or absence (Vehicle) of the p53 inhibitor pifithrin-α (10 µM). n = 3 independent experiments, mean ± SD; GraphPad Prism two-by-two comparison of slope after linear regression (shSCR Vehicle vs. shSCR + PFT-α: F = 2.72661, DFn = 1, DFd = 14, p = 0.1209; shCSB Vehicle vs. shCSB + PFT-α: F = 6.67947, DFn = 1, DFd = 14, p = 0.0216; shSCR Vehicle vs. shCSB Vehicle: F = 157.235, DFn = 1, DFd = 14, p < 0.0001; shSCR Vehicle vs. shCSB + PFT-α: F = 40.3927, DFn = 1, DFd = 14, p < 0.0001; shSCR + PFT-α vs. shCSB Vehicle: F = 67.2499, DFn = 1, DFd = 14, p < 0.0001; shSCR + PFT-α vs. shCSB + PFT-α: F = 19.5273, DFn = 1, DFd = 14, p = 0.0006). h Representative images and i quantification of SAβ-gal + cells at PN21 and PN22. n = 840-1560 cells/condition from three independent experiments, mean ± SEM; for each PN one-way ANOVA (PN21: F = 63.99; DFn = 3, DFd = 4580, p < 0.0001; PN22: F = 64.65, DFn = 3, DFd = 4372, p < 0.0001) with post-hoc Tukey's test. j RT-qPCR of p21 Waf1 ; n = 3 independent experiments, mean ± SD; one-way ANOVA (F = 19.29, DFn = 3, DFd = 8, p = 0.0005) with post-hoc Tukey's test. k WB of p21; β-tubulin was used as loading control. Source data are provided as Source Data files.
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Fig. 7

 7 Fig. 7 CSB-dependent senescence is specific to the DDR/p21 pathway. a Enumeration of endogenous γ-H2AX and 53BP1 foci/cell at PNs preceding or during CSB depletion. n = 50-70 cells from three independent experiments; mean ± SEM; one-way ANOVA (γ-H2AX: F = 3.209, DFn = 3, DFd = 220, p = 0.0239; 53BP1: F = 5.603, DFn = 3, DFd = 220, p = 0.001) with post-hoc Tukey's test vs. the respective PN16. b Representative confocal acquisitions of irradiated (10 Gy) and non-irradiated (non-IR) IMR-90 immunostained for γ-H2AX (green) and 53BP1 (red), counterstained with Hoechst (blue, nuclei), after maximum intensity projection with the Imaris software; scale bar = 20 µM. Percentage of cells with 0, 1, 2, 3, or >3 (c) γ-H2AX or d 53BP1 foci per nucleus. n = 90 cells from three independent experiments. Mean ± SEM; two-way ANOVA (γ-H2AX: F = 35.77, DFn = 4, DFd = 20, p < 0.001; 53BP1: F = 57.63, DFn = 4, DFd = 20, p < 0.0001) with post-hoc Sidak's test vs. the respective non-IR. e Quantification of SA-β-gal + cells of irradiated and non-IR IMR-90 at PN17. n = 180-220 cells/condition from three independent experiments, mean ± SEM; unpaired Student's t-test (two-tailed) (t = 36.28, DF = 408), p-value vs. non-IR (f) Immunoblots of CSB, HTRA3, p21, and POLG1, HTRA2, p16 (GAPDH F-C staining, loading control, under each blot) in irradiated and non-IR fibroblasts. g Scheme indicating the palbociclib target in the p16 pathway to senescence. h Quantification and i representative images of SA-β-gal + staining of palbociclib-treated and untreated IMR-90 cells, scale bar = 200 µM. Early-passage fibroblasts (PN20) in normal medium (CTL) or in the presence of 0.2, 0.5, 1, or 5 μM palbociclib for 7 days followed by 1 day of drug withdrawal; n = 800 cells (CTL) and n = 320-380 cells (palbociclibtreated samples) from three independent experiments, mean ± SEM; one-way ANOVA (F = 195.1, DFn = 4, DFd = 2236, p < 0.0001) with post-hoc Tukey's test. RT-qPCR of j HTRA3, k CSB, and l p21 Waf1 and p16 Ink4 . n = 3 independent experiments, mean ± SD; RM one-way ANOVA (HTRA3: F = 53.07, DF = 4, p < 0.0001; CSB: F = 29.47, DF = 4, p < 0.0001; p21 Waf1 : F = 13.36, DF = 4, p = 0.0015; p16 Ink4 : F = 1.587, DF = 4, p = 0.2531) with post-hoc Tukey's test vs. CTL. m WB of HTRA3, HTRA2, p21, p16, and CSB. Samples on the same blot are framed; each frame displays the respective GAPDH (F-C staining) used as a loading control. Source data are provided as Source Data files.

Fig. 8

 8 Fig. 8 Scheme: role of CSB depletion in replicative senescence. Illustration of epigenetic regulation of CSB expression and its effect on downstream targets (a) regular CSB expression (b) low CSB levels leading to replicative senescence. Novel senescence effectors that are shared with the Cockayne syndrome paradigm (a disease due to CSB impairment in its most severe form) are shown in a framed area. Transcripts are indicated with a wavy line, active promoter with an arrow; Ac, acetyl group.

  

  

  

  

  

  

  

  

  

  . Protein sizes are indicated on the right. A red asterisk indicates, premature stops codons; residues matching with the WT CSB protein are shown in black, and residues that do not align with the WT sequence (resulting from frameshift mutations) are shown in red. CSB protein representation adapted fromCalmels et al, 2018. Domains of the 

CSB protein are specified: A, acidic domain; N, nuclear localisation domain; I, IA, II-VI, helicase-like domains; U, ubiquitin-binding domain. (e) Immunoblot of CSB from whole-cell extracts; GAPDH was used as an internal control. (f) CSB copy number in MRC5-SV and CS1AN-SV determined by qPCR using as a reference the GRP15 and ZNF80 gene.

  CSB-/-#1, BJ CSB-/-#2) cerebral organoids (C.O). The cross-sectional area of each organoid was measured starting from the day of C.O generation. The data were obtained from three independent biological experiments (eight organoids were quantified in each experiment) and represented as mean ± SEM. ***p ≤ 0.001; based on two-way ANOVA with post-hoc Tukey's test. (e) Bright-field images of 20 days cerebral organoids. Experiments in d, e were done by Tara Fournier. Scale bars= 1mm.

Table 1 . List of shRNAs used in this study

 1 

	Mission shRNA Library (Sigma)	Plasmid	Target gene
	Ref: SHC002	pLKO.1_Puro control	shRNA (sh Control) (SCR)
	Ref: TRCN0000003658	pLKO.1_Puro CTSB	shRNA (sh CTSB)
	Ref: TRCN0000075212	pLKO.1_Puro HTRA3	shRNA (sh HTRA3)
	Ref: TRCN0000318432	pLKO.1_Puro RAC1	shRNA (sh RAC1)
	Reference numbers, plasmid codes and targets are indicated	

Table 2 . List of antibodies.

 2 

The name, type, dilution (for immunofluorescence imaging (IF) and Western blot (WB)) and reference number and supplier are indicated for each antibody.

  SSIV buffer, 5mM of DTT, 10U/µl of Superscript TM IV Reverse Transcriptase and up to 1µg template RNA. The resulting cDNAs were treated with RNAse H (Takara Bio, 2150B), to degrade possible RNA residues, and quantified by real-time RT-qPCR using the PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific, A25742) on a StepOne Plus RealTime PCR system (Applied Biosystems). Three independent replicates were used for each condition. Data were analysed by the StepOne Plus RT PCR software v2.1 (Thermo Fisher Scientific). TATA Binding Protein (TBP) mRNA levels were used for normalization of each target (=∆CT). Real-time PCR CT values were analyzed using the 2 -ΔΔCt method to calculate the fold expression. qPCR Primers used are listed in Table3, including the corresponding reference.

	Gene	Primer	Sequence (5′-3′)	Reference
	Human CTSB	Forward Reverse	CCAGGGAGCAAGACAGAGA GAGACTGGCGTTCTCCAAAG	(Giusti et al. 2008) (Giusti et al. 2008)
	Human TBP	Forward Forward	CTCACAGGTCAAAGGTTTAC CGAAGCTCAACTTCCTCCC	(Chatre et al. 2015) (Chatre et al. 2015)
	Human HTRA3	Forward Reverse	TGGCTTCATCATGTCAGAGG GGCAATGTCCGACTTCTTGT	(Li et al. 2017) (Li et al. 2017)
	Human RAC1	Forward Reverse	GCGTTGCCATTGAACTCACC GAGCTGCTACGCTCACTCCATTAC	(Zhou et al. 2016) (Zhou et al. 2016)
	Human p21 Waf1	Forward GAGGCCGGGATGAGTTGGGAGGAG Reverse CAGCCGGCGTTTGGAGTGGTAGAA	(Yu et al. 2016) (Yu et al. 2016)
	Human p16Ink4	Forward Reverse	GAAGGTCCCTCAGACATCCCC CCCTGTAGGACCTTCGGTGAC	(Yu et al. 2016) (Yu et al. 2016)
	Human CSB	Forward Reverse	CTGGAACAGGGAGTGCTTCA ACTCCTTCTCCACGTCAACG	(Bott et al. 2015) (Bott et al. 2015)
	Human CTSB(-	Forward	CAGCGCTGGGCCGGGCAC	(Rose et al. 2007)
	2,-3)	Reverse	CCAGGACTGGCACGACAGGC	(Rose et al. 2007)

TM VI Reverse Transcriptase (Thermo Fisher Scientific, 18090050)

. The reaction mix consisted of 0.5mM dNTPs, 2.5 µM of Oligo d(T)20 primer, 1x

Table 3 . Primers used for RT-qPCR.

 3 

Table 4 . Sequence of sgRNA and ssODN used in this study as well as the cells targeted for each editing.

 4 

Table 5 . Primers used for determination of the genotyping PCRs.

 5 

  al. 2012) 

	Human CSB	Forward Reverse	CCACTCAAGTCAAACTCAGGAG ATCTGATGTCGGTCGATGTGC	(Liu et al. 2011) (Liu et al. 2011)

Table 6 . Primers used for determination of the CSB allele copy number.

 6 
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ANNEXES Annex 1: CSB promoter downregulation via histone H3 hypoacetylation is an early determinant of replicative senescence

  Cellular senescence has causative links with ageing and age-related diseases, however, it remains unclear if progeroid factors cause senescence in normal cells. Here, we show that depletion of CSB, a protein mutated in progeroid Cockayne syndrome (CS), is the earliest known trigger of p21-dependent replicative senescence. CSB depletion promotes overexpression of the HTRA3 protease resulting in mitochondrial impairments, which are causally linked to CS pathological phenotypes. The CSB promoter is downregulated by histone H3 hypoacetylation during DNA damage-response. Mechanistically, CSB binds to the p21 promoter thereby downregulating its transcription and blocking replicative senescence in a p53independent manner. This activity of CSB is independent of its role in the repair of UVinduced DNA damage. HTRA3 accumulation and senescence are partially rescued upon reduction of oxidative/nitrosative stress. These findings establish a CSB/p21 axis that acts as a barrier to replicative senescence, and link a progeroid factor with the process of regular ageing in human. Stem Cells and Development, Department of Developmental and Stem Cell Biology, 75015 Paris, France. 2 CNRS UMR 3738, Team Stability of Nuclear and Mitochondrial DNA, 75015 Paris, France. 3 Sorbonne Universités, UPMC, University of Paris 06, IFD-ED 515 Paris, France. 4 Institut Pasteur, UTechS Photonic BioImaging PBI (Imagopole), Centre de Recherche et de Ressources Technologiques C2RT, Paris, France. *email: miria.ricchetti@pasteur.fr
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  References cited in theTable are indicated below.

	Supplementary Table 1		
		Gene/Region	Primer	Sequence (5′-3′)	Reference
	Primers use for RTqPCR			
	Human CSA	Forward Reverse	CGCCTTCGGAGAGCAGAGT TGGATTCTTTCAACATCTCTG	
	Human CSB	Forward Reverse	CTGGAACAGGGAGTGCTTCA ACTCCTTCTCCACGTCAACG	
	Human DNMT1	Forward Reverse	GCACAAACTGACCTGCTTCA GCCTTTTCACCTCCATCAAA	
	Human DNMT3A	Forward Reverse	GACAAGAATGCCACCAAAGC CGTCTCCGAACCACATGAC	
	Human DNMT3B	Forward Reverse	CCAGCTGAAGCCCATGTT ATTTGTCTTGAGGCGCTTG	
	Human HDAC1	Forward Reverse	CTACTACGACGGGGATGTTGG GAGTCATGCGGATTCGGTGAG	
	Human HDAC2	Forward Reverse	ATGGCGTACAGTCAAGGAGG TGCGGATTCTATGAGGCTTCA	
	Human HTRA2	Forward Reverse	TTTGCCATCCCTTCTGATCG ACACCATGCTGAACATCGGG	
	Human HTRA3-L	Forward Reverse	ATGCGGACGATCACACCAAG CGCTGCCCTCCGTTGTCTG	
	Human HTRA3-S	Forward Reverse	GAGGGCTGGTCACATGAAGA GCTCCGCTAATTTCCAGT	
	Human IL-6	Forward Reverse	AATTCGGTACATCCTCGACGG GGTTGTTTTCTGCCAGTGCC	10 10
	Human p16Ink4	Forward Reverse	GAAGGTCCCTCAGACATCCCC CCCTGTAGGACCTTCGGTGAC	11 11
	Human p21Waf1	Forward Reverse	GAGGCCGGGATGAGTTGGGAGGAG CAGCCGGCGTTTGGAGTGGTAGAA	11 11
	Human p53	Forward Reverse	GCGCACAGAGGAAGAGAATC CTCTCGGAACATCTCGAAGC	12 12
	Human POLG1	Forward Reverse	GAGAAGGCCCAGCAGATGTA ATCCGACAGCCGATACCA	
	Human TBP	Forward Reverse	CTCACAGGTCAAAGGTTTAC GCTGAGGTTGCAGGAATTGA	
	Primers used for qChIP			
	CSB promoter	Forward Reverse	CGAAGCTCAACTTCCTCCC GTCTCCCACGACTGAACACG	This paper This paper
	p21	Waf1 promoter;	Forward	CTGTCCTCCCCGAGGTCA	13
	3' p53 response element	Reverse	ACATCTCAGGCTGCTCAGAGTCT	13
	p21	Waf1 promoter;	Forward	AGCAGGCTGTGGCTCTGATT	13
	5' p53 response element	Reverse	CAAAATAGCCACCAGCCTCTTCT	13
	p21	Waf1 promoter; TATA	Forward Reverse	TATATCAGGGCCGCGCTG GGCTCCACAAGGAACTGACTTC	13 13
	Primers used for PCR-ChIP			
	p21	Waf1 promoter;	Forward	GAAATGCCTGAAAGCAGAGG	14
	3' p53 response element	Reverse	GCTCAGAGTCTGGAAATCTC	14
	p21	Waf1 promoter;	Forward	GATGCCAACCAGATTTGCCG	14
	distal p53 response element	Reverse	CCTGGCTCTAACAACATCCC	14
	Primers used for BSP			
	CSB promoter	Forward Reverse	TGTTTTGAATTTTTGTGTGGATATTT ACTATCCTACTTCTCTATTCCCCCTC	
	List of primers			

Pascucci, B. et al. Overexpression of parkin rescues the defective mitochondrial
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MATERIALS AND METHODS

Patient cells

Cell survival after UV irradiation

Cells were plated in wells of 12-well plates and cultured overnight. The next day, cells were washed with PBS, irradiated with UVC (254 nm) using a UV lamp (Uvitec) at the doses indicated, and cultured for another 4 days. The number of viable cells was determined by Trypan Blue exclusion, using a in a KOVA Glasstic counting slide. Relative survival was calculated from the ratios of UV-exposed to UV-unexposed wells.

Epigenetic clock analysis (epigenetic age)

Genomic DNA was extracted from each clone using the DNeasy Blood & Tissue Kit (Qiagen). Bisulfite conversion was performed using the EZ DNA Methylation-Lightning kit 

RNA sequencing

Total RNA from three independent replicates was checked for its quality and integrity using a 

Cerebral organoids generation

Cerebral organoids were generated as previously described by Yates's lab in Sup'Biotech. [START_REF] Nassor | Long Term Gene Expression in Human Induced Pluripotent Stem Cells and Cerebral Organoids to Model a Neurodegenerative Disease[END_REF]. The generation of cerebral organoids for this project was done by Tara Fournier, a PhD student in our lab. 
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Annex 2: Reactive species in progeroid syndromes and ageing-related processes

ABSTRACT

Dissecting the molecular defects in rare genetic disorders like Cockayne syndrome (CS), in which ageing is dramatically accelerated, is critical to develop treatments, which are missing to date, and elucidate dysfunctions that are possibly implicated in physiological ageing. CS also displays a large spectrum of clinical severity the reason of which has not been elucidated, and does not relies on simple genotype/phenotype correlation. This project is based on a working model established in the lab that identified CS-specific depletion of the mitochondrial DNA polymerase POLG1 leading to mitochondrial dysfunction, as a possible cause of CS progeroid defects. POLG1 depletion required overexpression of the HTRA3 protease, which was trigged by increased oxidative/nitrosative stress. Scavenging both reactive species, rescued these defects and opened the path to a treatment for CS.

This PhD work: i) Contributed to the discovery that this CS-defective pathway is recapitulated in replicative senescence of normal cells, a process linked to regular aging. ii) Identified the mechanism of HTRA3-dependent POLG1 degradation in CS and senescent cells with implications for the control of POLG1 homeostasis in normal cells. This mechanism is considerably more complex than a direct degradation and rather involves a novel tripartite complex in which the HTRA3 protease/chaperone stabilizes a second protease, which degrades POLG1. iii) Contributed to the critical analysis of the role of multiple reactive species in progeroid disease and ageing. iv) Developed multiple isogenic cellular models with CRISPR-Cas9 technology that are essential for mechanistic studies, in the absence of a reliable mouse model for CS. Isogenic models allow also addressing the question of genotype/phenotype correlation that cannot be disentangled with cells derived from patients with largely different clinical severity and also different genetic backgrounds. These models include skin fibroblasts and induced pluripotent stem cells (iPSCs), from which isogenic neuroectodermal organoids have been derived. The transcriptome of isogenic CS fibroblasts has identified gene expression modifications that are specific to the CS mutation, and are independent of the genetic background. Taken together, these studies provide novel insights into the mechanisms leading to defects in progeroid CS and their links with physiological ageing. They also establish unique CS models that provide a valuable platform for studying CS pathogenesis.