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The nuclear envelope (NE) encloses the genetic material, and functions in chromatin organization and stability. In Saccharomyces cerevisiae, the NE is bound to the ribosomal DNA (rDNA), highly repeated and transcribed, thus prone to genetic instability. While tethering limits instability, it simultaneously triggers notable NE remodeling. We posit here that NE remodeling may contribute to genome integrity maintenance. The NE importance in genome expression, structure, and integrity is well recognized, yet studies mostly focus on peripheral proteins and nuclear pores, not on the membrane itself. We recently characterized a NE invagination drastically obliterating the rDNA, which we propose here as a model to probe if and how membranes play an active role in genome stability preservation.

The rDNA is composed of a single locus repeated in tandem around 150-200 times, hosted within a single arm of chromosome XII, while the remaining chromosome hangs in the rest of the nucleoplasmic space [Fig. 1B] (2). This number of repeats is dynamically maintained [START_REF] Iida | RNA Polymerase I Activators Count and Adjust Ribosomal RNA Gene Copy Number[END_REF], can scale up with cell volume (4), and is considered homeostatic, as variations in copy number are associated with pathological conditions [START_REF] Xu | Ribosomal DNA copy number loss and sequence variation in cancer[END_REF]. A variable number of these repeats, which depends on the metabolic status of the cell, are heavily transcribed into rRNA [START_REF] Warner | Synthesis of ribosomes in Saccharomyces cerevisiae[END_REF]. The rRNA is immediately processed into subspecies, modified (for example isomerization of uridines, i.e. pseudouridination [START_REF] Meier | The daunting task of modifying ribosomal RNA[END_REF]), and then coupled to assembly with imported ribosomal proteins into pre-ribosomes [START_REF] Warner | Synthesis of ribosomes in Saccharomyces cerevisiae[END_REF]. Partially assembled ribosomes are subsequently exported to the cytoplasm for complete maturation [START_REF] Warner | Synthesis of ribosomes in Saccharomyces cerevisiae[END_REF]. This fervent anabolic activity is at the base of the spontaneous segregation of the nucleolus as a defined domain with phase-separating properties [START_REF] Latonen | Phase-to-phase with nucleoli -Stress responses, protein aggregation and novel roles of RNA[END_REF]. The peripheral position of the nucleolus is due to specific proteins tethering the rDNA to the inner nuclear membrane (INM). This is achieved by the chromatin linkage of inner nuclear membrane proteins (CLIP) complex (Heh1 and Nur1 in S. cerevisiae) [Fig. 1B, in green] and cohibins (Csm1 and Lrs4 in S. cerevisiae) [Fig. 1B, in yellow] [START_REF] Mekhail | Role for perinuclear chromosome tethering in maintenance of genome stability[END_REF]. In this organism, cohibin absence leads to rDNA delocalization and increase in volume, adopting a globular shape that positions closer to the center of the nucleus [START_REF] Mekhail | Role for perinuclear chromosome tethering in maintenance of genome stability[END_REF]. In the same line, and although Nur1 and the Heh1 homolog Lem2 in Schizosaccharomyces pombe have not been demonstrated to tether the rDNA to the periphery, their absence provokes nucleolar mislocalization, expansion and fragmentation [START_REF] Iglesias | Native Chromatin Proteomics Reveals a Role for Specific Nucleoporins in Heterochromatin Organization and Maintenance[END_REF].

The unstable nature of the rDNA

Two of the above-described features of the rDNA make it prone to instability. First, its very active transcriptional activity sensitizes it to DNA damage, as very active transcription hinders repair of the template DNA if eventually damaged [START_REF] Ide | Abundance of Ribosomal RNA Gene Copies Maintains Genome Integrity[END_REF]. It is possible that the reason why there are more rDNA copies than needed to create all the necessary rRNA molecules is to limit the transcriptional activity on each of them, as reducing the number of repeats heavily increases the activity on each copy [START_REF] Ide | Abundance of Ribosomal RNA Gene Copies Maintains Genome Integrity[END_REF][START_REF] Lopez | Gene dosage compensation of rRNA transcript levels in Arabidopsis thaliana lines with reduced ribosomal gene copy number[END_REF] and renders the cells sensitive to DNA damage [START_REF] Ide | Abundance of Ribosomal RNA Gene Copies Maintains Genome Integrity[END_REF]. Also, active transcription will create more occasions for a potential confrontation with the replication machinery. To limit this second risk, a barrier is imposed by the binding of the protein Fob1 to a specific DNA sequence within each rDNA repeat [START_REF] Brewer | A replication fork barrier at the 3′ end of yeast ribosomal RNA genes[END_REF][START_REF] Kobayashi | The Replication Fork Barrier Site Forms a Unique Structure with Fob1p and Inhibits the Replication Fork[END_REF], which itself is indirectly tethered to the periphery through a complex termed RENT [START_REF] Huang | Association of the RENT complex with nontranscribed and coding regions of rDNA and a regional requirement for the replication fork block protein Fob1 in rDNA silencing[END_REF]. This way, replication arriving frontal to transcriptional units will stop at this location. Second, the very repetitive nature of the rDNA makes it prone to instability due to unscheduled loss or gain of repeats [START_REF] Salim | Ribosomal DNA instability and genome adaptability[END_REF]. In the event of DNA double-strand breaks, the presence of identical sequences is key to high-fidelity repair through homologous recombination (HR), for example between homologous chromosomes. However, in the context of highly repetitive, directly arranged sequences, there is a high risk of aberrant HR [START_REF] Nelson | Mechanisms of rDNA Copy Number Maintenance[END_REF]. This is because pairing between adjacent or distant repeats can occur by single-strand annealing, giving rise to chromosomal deletions accompanied by excised circular rDNA [START_REF] Kobayashi | Expansion and contraction of ribosomal DNA repeats in Saccharomyces cerevisiae : requirement of replication fork blocking (Fob1) protein and the role of RNA polymerase I[END_REF]. Unequal sister chromatid exchange during rDNA replication can again lead to repeat loss, while gain can be achieved by reinsertion of previously excised rDNA circles [START_REF] Kobayashi | Expansion and contraction of ribosomal DNA repeats in Saccharomyces cerevisiae : requirement of replication fork blocking (Fob1) protein and the role of RNA polymerase I[END_REF]. Also, during rDNA replication, another mechanism leading to the gain of repeats occurs when DNA polymerase synthesis proceeds through illegitimate "jumping" between repeats [START_REF] Houseley | Repeat expansion in the budding yeast ribosomal DNA can occur independently of the canonical homologous recombination machinery[END_REF].

Strategies to preserve rDNA stability

The anabolic function of the nucleolus makes the rDNA a very important locus; therefore, the instability inherent to its activity needs to be kept at bay. Different strategies have been described to shield the rDNA from genetic instability. First, there is an active tethering of the rDNA to the INM by the CLIP-cohibin complex, limiting its movement [Fig. 1C]. As such, deletion of these anchor proteins reduces perinuclear rDNA localization, alters the nucleolus-nucleoplasm boundary, induces the formation of unscheduled recombination foci, destabilizes the repeats [START_REF] Mekhail | Role for perinuclear chromosome tethering in maintenance of genome stability[END_REF][START_REF] Saka | More than 10% of yeast genes are related to genome stability and influence cellular senescence via rDNA maintenance[END_REF], and leads to a decrease in cell lifespan [START_REF] Kobayashi | Ribosomal RNA gene repeats, their stability and cellular senescence[END_REF][START_REF] Chan | Perinuclear Cohibin Complexes Maintain Replicative Life Span via Roles at Distinct Silent Chromatin Domains[END_REF]. Second, the rDNA interaction with the recombination machinery is restricted, namely by limiting the entry of HR factors within the nucleolus. It has been observed by fluorescence microscopy that proteins involved in HR repair gather in the form of foci at the very edge between the nucleolus and the rest of the nucleoplasm [START_REF] Torres-Rosell | The Smc5-Smc6 complex and SUMO modification of Rad52 regulates recombinational repair at the ribosomal gene locus[END_REF] [Fig. 1C]. In this sense, it was described that SUMOylation of the master homology searcher Rad52 prevents its access to the nucleolar space [START_REF] Torres-Rosell | The Smc5-Smc6 complex and SUMO modification of Rad52 regulates recombinational repair at the ribosomal gene locus[END_REF]. This way, broken rDNA molecules need to transiently relocate to these border sites where they engage in recombination, thus avoiding the contact of the HR machinery with the hundreds of additional potential rDNA templates [START_REF] Torres-Rosell | The Smc5-Smc6 complex and SUMO modification of Rad52 regulates recombinational repair at the ribosomal gene locus[END_REF][START_REF] Capella | Nucleolar release of rDNA repeats for repair involves SUMO-mediated untethering by the Cdc48/p97 segregase[END_REF]. Noteworthy, this migration of broken DNA is a conserved feature in human cells [START_REF] Marnef | A cohesin/HUSH-And LINCdependent pathway controls ribosomal DNA double-strand break repair[END_REF]. In yeast, in the event of breaks, the rDNA is untethered by posttranslational modifications of the CLIP factor Nur1, whose phosphorylation and downstream SUMOylation release the broken molecule to reach the nucleolar edge and meet the repair machinery [START_REF] Capella | Nucleolar release of rDNA repeats for repair involves SUMO-mediated untethering by the Cdc48/p97 segregase[END_REF] [Fig. 1D].

The plastic and dynamic membranes surrounding the nucleolus

The NE is frequently considered rigid, especially in organisms experiencing open mitosis, during which the NE needs to be fully dismantled to permit chromosome segregation [START_REF] Dey | Nuclear envelope remodelling during mitosis[END_REF]. This view is being recently challenged, as it is discovered that the NE can unfold in response to mechanical insult [START_REF] Lomakin | The nucleus acts as a ruler tailoring cell responses to spatial constraints[END_REF][START_REF] Venturini | The nucleus measures shape changes for cellular proprioception to control dynamic cell behavior[END_REF], evolve to confer specific shapes typical of some cell types such as neutrophils [START_REF] Denholtz | Upon microbial challenge, human neutrophils undergo rapid changes in nuclear architecture and chromatin folding to orchestrate an immediate inflammatory gene program[END_REF], deform when cells need to transition through confined spaces like during migration [START_REF] Kidiyoor | ATR is essential for preservation of cell mechanics and nuclear integrity during interstitial migration[END_REF], or in response to lipid stress [START_REF] Ovejero | The alkylating agent methyl methanesulfonate triggers lipid alterations at the inner nuclear membrane that are independent from its dna-damaging ability[END_REF]. In Saccharomyces cerevisiae, general NE remodeling (i.e., detected over the whole nucleus perimeter) can be observed in physiological conditions such as during closed mitosis, when the nucleus adopts an hour-glass shape [Fig. 2A]; or in haploid cells during preparation for mating, when the nucleus adopts a polarized oval form in response to a sexual pheromone [Fig. 2B] [START_REF] Stone | MAP kinase signaling induces nuclear reorganization in budding yeast[END_REF].

Importantly, most NE deformations relate to the nucleolus-surrounding NE subdomain, which is reported to be particularly prone to membrane expansions [START_REF] Witkin | The budding yeast nuclear envelope adjacent to the nucleolus serves as a membrane sink during mitotic delay[END_REF][START_REF] Webster | Vesicle trafficking maintains nuclear shape in Saccharomyces cerevisiae during membrane proliferation[END_REF][START_REF] Campbell | Yeast nuclear envelope subdomains with distinct abilities to resist membrane expansion[END_REF]. One first remarkable case is the outer nuclear membrane (ONM) establishing a tight contact with the vacuole (the equivalent organelle in S. cerevisiae to the lysosome) through nucleus-vacuole junction (NVJ) proteins (Nvj1 and Vac8) [Fig. 2C, in red] (36). This junction can undergo remodeling to adapt during nutritional stress, when it expands "zipper-wise" [Fig. 2D] (37). This expansion allows important adaptations during nutritional shortages, as it will accommodate essential steps in the metabolism of mevalonate [START_REF] Rogers | Glucose restriction drives spatial reorganization of mevalonate metabolism[END_REF] and permit the synthesis of lipid reservoirs in the form of lipid droplets [START_REF] Hariri | Lipid droplet biogenesis is spatially coordinated at ER -vacuole contacts under nutritional stress[END_REF]. Further, it also serves to alleviate the stress associated with defects during the assembly of nuclear pore complexes [START_REF] Lord | Nuclear envelope-vacuole contacts mitigate nuclear pore complex assembly stress[END_REF]. A second important remodeling event at the NVJ is the creation of teardrop-like structures protruding from the NE into the vacuole that enclose nuclear proteins to direct them for degradation in a process termed piecemeal microautophagy [START_REF] Kvam | Nucleus-vacuole junctions and piecemeal microautophagy of the nucleus in S. cerevisiae[END_REF] [Fig. 2E]. Among its substrates, the degradation of the nucleolar proteins (42) restricts the ribosome-creating (i.e. the protein synthesis) capacity of the cell in a sharp and fast way.

Whole NE remodeling has also been described in pathological contexts, such as blebs [Fig. 2F], for example when the endoplasmic reticulum (ER) suffers from oxidative stress [START_REF] Torán-Vilarrubias | Oxidative agents elicit endoplasmic reticulum morphological changes suggestive of alterations in lipid metabolism[END_REF]; and in contexts defective for vesicular trafficking [START_REF] Webster | Vesicle trafficking maintains nuclear shape in Saccharomyces cerevisiae during membrane proliferation[END_REF]. This presumably occurs because of increases in the pool of ER membranes. Additional remodeling events of the nucleolus-surrounding NE relate to pathological situations, such as the genesis of nuclear flares [START_REF] Witkin | The budding yeast nuclear envelope adjacent to the nucleolus serves as a membrane sink during mitotic delay[END_REF] [Fig. 2G]. The flares protrude during mitotic arrest, independently from whether this is due to microtubule depolymerization, such as treatment with nocodazole, or to mutations in DNA repair, recombination, spindle function, and chromosome segregation [START_REF] Witkin | The budding yeast nuclear envelope adjacent to the nucleolus serves as a membrane sink during mitotic delay[END_REF][START_REF] Matos-Perdomo | The vacuole shapes the nucleus and the ribosomal DNA loop during mitotic delays[END_REF]. The flare grows harboring the nucleolar proteins and the rDNA within, fully remodeling the spatial arrangement of this locus, and grows using the vacuole as a template, around which it wraps [START_REF] Matos-Perdomo | The vacuole shapes the nucleus and the ribosomal DNA loop during mitotic delays[END_REF]. A second pathological deformation of the nucleolar-surrounding NE occurs in mutants of nucleolar proteins or in the secretion pathway, which manifests as overgrown membranes that fully enclose the nucleolus, giving rise to a bilobed nucleus [START_REF] Male | Nucleolar size regulates nuclear envelope shape in Saccharomyces cerevisiae[END_REF][START_REF] Walters | Nuclear envelope expansion in budding yeast is independent of cell growth and does not determine nuclear volume[END_REF] [Fig. 2H]. Also, overexpression of the telomere-tethering factor Esc1 stimulates the emergence of protrusions into the cytoplasm termed "escapades" from, specifically, the NE sector contacting the NVJ. Of note, and contrarily to flares, these bodies do not harbor nucleolar contents [START_REF] Hattier | Immobility, inheritance and plasticity of shape of the yeast nucleus[END_REF] [Fig. 2I]. Ultimately, we recently described the first phenomenon of nucleolus-surrounding NE invagination [START_REF] Garcia | Nuclear ingression of cytoplasmic bodies accompanies a boost in autophagy[END_REF] [Fig. 2J]. In it, the two nuclear membranes composing the NE intrude the nucleus, thus allowing the engulfment of a cytoplasmic portion specifically within the nucleolus, which when monitored with a nucleoplasmic fluorescent marker makes the nucleus appear as having a black "hole". We found this phenomenon in cells exposed to the genotoxin zeocin, known to create single-and double-strand breaks in the DNA. Yet, its ability to trigger membrane invagination was independent from DNA-damaging action and was likely associated with indirect effects on membrane lipids [START_REF] Garcia | Nuclear ingression of cytoplasmic bodies accompanies a boost in autophagy[END_REF]. Given that the invagination occurs at the same site used to establish nucleus-vacuole contacts, decreasing the NVJ led to an increase in hole formation frequency [START_REF] Garcia | Nuclear ingression of cytoplasmic bodies accompanies a boost in autophagy[END_REF].

The genetic determinants of NE remodeling

To assist all these NE area and plasticity changes, lipids play a crucial role, impacting stiffness and structuration. They are organized heterogeneously all along the NE, which presents discrete domains that respond differently to changes in phospholipid levels [START_REF] Barbosa | Lipid partitioning at the nuclear envelope controls membrane biogenesis. Parton RG[END_REF]. The lipid composition influencing NE stability is in direct link with the ER, which is a lipid synthesis hotspot [START_REF] Bahmanyar | Lipid and protein dynamics that shape nuclear envelope identity[END_REF]. Nuclear membrane lipid homeostasis is controlled through the metabolism of phosphatidic acid (PA), a node at which lipin controls the balance between membrane synthesis and lipid storage. Lipin (Pah1 in S. cerevisiae) is activated by an ER/NEpositioned phosphatase complex, Nem1-Spo7, where it transforms PA into the signaling and structural lipid diacylglycerol (DAG), which could further be stored if esterified towards triacylglycerol (TAG). In contrast, lipin inactivation gives rise to the channeling of PA into phospholipid synthesis, thus causing a striking ER/NE membrane expansion [START_REF] Barbosa | Lipid partitioning at the nuclear envelope controls membrane biogenesis. Parton RG[END_REF].

In all of the above-described NE remodeling events, lipid synthesis is key, and phospholipid synthesis inhibition, for example by cerulenin [START_REF] Inokoshi | Cerulenin-resistant mutants of Saccharomyces cerevisiae with an altered fatty acid synthase gene[END_REF], abolishes such transitions [START_REF] Torán-Vilarrubias | Oxidative agents elicit endoplasmic reticulum morphological changes suggestive of alterations in lipid metabolism[END_REF][START_REF] Matos-Perdomo | The vacuole shapes the nucleus and the ribosomal DNA loop during mitotic delays[END_REF]. PA and derived phospholipids are basic membrane constituents [START_REF] Kwiatek | Phosphatidate-mediated regulation of lipid synthesis at the nuclear/endoplasmic reticulum membrane[END_REF], but PA and DAG can also play a role as shape determinants since they can drastically modify membrane curvature [START_REF] Ben | ER Membrane Phospholipids and Surface Tension Control Cellular Lipid Droplet Formation[END_REF][START_REF] Choudhary | Architecture of Lipid Droplets in Endoplasmic Reticulum Is Determined by Phospholipid Intrinsic Curvature[END_REF]. Also, sterols were shown to play a boosting activity during the phenomenon of nucleolus-surrounding NE invagination, whereby the frequency of nuclei bearing a "hole" increased if free sterols were more present in membranes [START_REF] Garcia | Nuclear ingression of cytoplasmic bodies accompanies a boost in autophagy[END_REF].

Two additional genetic determinants are worth describing. First, the confinement of the flare protruding from the nucleolus-surrounding NE depends on the polo-like kinase Cdc5, as in cdc5 inactive mutants or upon Cdc5 transient depletion the whole NE expands isometrically [START_REF] Walters | Nuclear envelope expansion in budding yeast is independent of cell growth and does not determine nuclear volume[END_REF]. This means that a given activity marks this NE subdomain as the one prone to expansion. In agreement, activities such as that of Lro1, in charge of sending fatty acids toward storage within lipid droplets, instead of deriving them for membrane synthesis, are regulated at this very same spatial position [START_REF] Barbosa | Compartmentalized Synthesis of Triacylglycerol at the Inner Nuclear Membrane Regulates Nuclear Organization[END_REF]. Second, the flare protrusion is independent from the rDNA anchoring to the INM [START_REF] Walters | Nuclear envelope expansion in budding yeast is independent of cell growth and does not determine nuclear volume[END_REF]. This is in sharp contrast with the nucleolar NE deformations reported in mutants of nucleolar proteins. In them, aborting rDNA tethering to the nucleolar NE subdomain via the removal of CLIP proteins suppresses the NE deformations [START_REF] Male | Nucleolar size regulates nuclear envelope shape in Saccharomyces cerevisiae[END_REF].

The potential link between membrane remodeling and genome stability

It has been recognized that the nuclear periphery has a role in genome organization, expression, and repair [START_REF] Mekhail | The nuclear envelope in genome organization, expression and stability[END_REF][START_REF] Towbin | The nuclear envelope -a scaffold for silencing?[END_REF][START_REF] Oza | Mechanisms that regulate localization of a DNA double-strand break to the nuclear periphery[END_REF]. In general, these reports acknowledge the contribution of proteins residing in the INM or the nucleoporins. However, little is known concerning the potential contribution of the main membrane constituents, namely the lipids, including their type, amount, and distribution. The impact of lipid metabolism on nuclear shape could underlie chromatin integrity, as deregulation of lipid composition leads to aneuploidy [START_REF] Hwang | Suppressing Aneuploidy-Associated Phenotypes Improves the Fitness of Trisomy 21 Cells[END_REF]. Reciprocally, the accumulation of long-chain sphingoid bases, which are precursors to ceramide, suppresses NE morphology defects induced by aneuploidy in budding yeast and human cells [START_REF] Hwang | Suppressing Aneuploidy-Associated Phenotypes Improves the Fitness of Trisomy 21 Cells[END_REF]. Untimely membrane proliferation can trap chromosomes and provoke missegregation [START_REF] Ferrandiz | Endomembranes promote chromosome missegregation by ensheathing misaligned chromosomes[END_REF], and NE-derived invaginations accompany situations of genotoxic stress, such as during replication difficulties (61), exposure to alkylating agents [START_REF] Ovejero | The alkylating agent methyl methanesulfonate triggers lipid alterations at the inner nuclear membrane that are independent from its dna-damaging ability[END_REF], or the particularly interesting case of breaks in the rDNA, where the membrane invaginates till contacting the nucleolar border [START_REF] Marnef | A cohesin/HUSH-And LINCdependent pathway controls ribosomal DNA double-strand break repair[END_REF]. Moreover, the nuclear ESCRT-III system, in charge of repairing NE ruptures, can become hyperactivated if in excessive contact with its activator CHMP7. This leads to dramatic INM distortions that translate into DNA torsional stress, whose concomitant unwinding exposes single-stranded DNA and leads to chromosome damage [START_REF] Vietri | Unrestrained ESCRT-III drives micronuclear catastrophe and chromosome fragmentation[END_REF]. These mechanisms appear to be conserved from different yeasts to humans [START_REF] Gu | LEM2 recruits CHMP7 for ESCRT-mediated nuclear envelope closure in fission yeast and human cells[END_REF][START_REF] Thaller | An ESCRT-LEM protein surveillance system is poised to directly monitor the nuclear envelope and nuclear transport system[END_REF][START_REF] Thaller | Direct binding of ESCRT protein Chm7 to phosphatidic acid-rich membranes at nuclear envelope herniations[END_REF]. At present, no clear function has been assigned to NE-derived structures, although a correlation between an increase in phospholipids in the nuclear space and a stronger detection of DNA lesions has been reported [START_REF] Ovejero | Coordination between phospholipid pools and DNA damage sensing[END_REF]. Also, specific NE compositions at these intrusions are permissive to local calcium release into the nucleoplasm [START_REF] Mauger | Role of the nuclear envelope in calcium signalling[END_REF][START_REF] Marius | Calcium release from ryanodine receptors in the nucleoplasmic reticulum[END_REF][START_REF] Humbert | Inositol 1,4,5-Trisphosphate Receptor Is Located to the Inner Nuclear Membrane Vindicating Regulation of Nuclear Calcium Signaling by Inositol 1,4,5-Trisphosphate[END_REF][START_REF] Koppler | Evidence for stereospecific inositol 1,3,4,5-[3H]tetrakisphosphate binding sites on rat liver nuclei. Delineating inositol 1,3,4,5-tetrakisphosphate interaction in nuclear calcium signaling process[END_REF], which in turn elicits genome integrity alterations such as TopoII-induced DNA double strand breaks [START_REF] Delint-Ramirez | Calcineurin dephosphorylates topoisomerase IIβ and regulates the formation of neuronal-activity-induced DNA breaks[END_REF]. Remarkably, since the frequency and composition of these NE invaginations greatly vary among cell types, they are expected to differentially contribute to physiology, as is the case in neurons [START_REF] Wittmann | Synaptic Activity Induces Dramatic Changes in the Geometry of the Cell Nucleus: Interplay between Nuclear Structure, Histone H3 Phosphorylation, and Nuclear Calcium Signaling[END_REF] or cardiomyocytes [START_REF] Lee | Three-dimensional imaging reveals endo(sarco)plasmic reticulum-containing invaginations within the nucleoplasm of muscle[END_REF].

Does therefore membrane remodeling contribute to genome stability maintenance, or is it an unrelated phenomenon? NE deformations, in general, and those confined to the nucleolar subdomain, in particular, have been understood in terms of a membrane sink that would accommodate eventual excesses of the nuclear membrane, a response presumably necessary to prevent an increase in nuclear volume. Indeed, the ratio of nuclear to cytoplasmic volumes, referred to as the N/C ratio, is kept constant, and this equilibrium is important [START_REF] Cantwell | Unravelling nuclear size control[END_REF], as deviations from that ratio are described as indicative of disease, such as cancer [START_REF] Edens | Nuclear size regulation: from single cells to development and disease[END_REF]. It could be, however, that in specific scenarios the NE deformations are the consequence of chromatin anchoring, as supported by the observations that CLIP elimination suppresses the deformations of the NE in nucleolar mutants [START_REF] Male | Nucleolar size regulates nuclear envelope shape in Saccharomyces cerevisiae[END_REF] or, reciprocally, that the overexpression of the chromatin tether Esc1 increases the protrusions in the shape of escapades [START_REF] Hattier | Immobility, inheritance and plasticity of shape of the yeast nucleus[END_REF]. In this case, NE deformations may not account for "a search of homeostatic parameters". Note that disturbance of nuclear transport in Schizosaccharomyces pombe can manifest along with an increased N/C ratio without NE deformations [START_REF] Kume | A systematic genomic screen implicates nucleocytoplasmic transport and membrane growth in nuclear size control[END_REF]. Thus, we propose that NE deformations could account for more than an adjustment of the N/C ratio and an active role in genome stability preservation.

The nuclear hole phenotype as a strategic tool to study the genome-membrane interaction

To explore this possibility, we propose that the "hole" invaginating within the nucleolus [Fig. 2J] (48), and its pushing of the genetic instability-prone rDNA, represents a powerful model to assess the impact of membrane invaginations on genetic homeostasis. Indeed, we have now performed 3D reconstructions of the nucleoplasm and the rDNA, as defined by mCherry-tagged Pus1 and GFP-tagged Net1, respectively. We have analyzed more than 100 stacks and reconstructed 25 pushing events. Under normal conditions, the rDNA occupies one side of the nucleus that roughly represents one-third of the nuclear volume [Fig. 3A left]. In contrast, in events of hole ingression, the rDNA is observed obliterated around the incoming body, ring-wise, such as a marker of its perimeter [Fig. 3A right]. Reconstruction of early membrane invagination steps confirms this rDNA displacement [Fig. 3B].

With this tool in hand, we can now enquire about rDNA integrity. One could imagine that obliteration brings the rDNA in closer contact with the nucleolar edge, and thus more accessible to the HR machinery. Are we then to expect an increase in the rate of basal HR, thus leading to an increase in rDNA instability? Yet, as seen in the reconstruction [Fig. 3A right ;B], the invagination increases the surface of rDNA contacting membranes, which almost completely encapsulates it, and thus could isolate it from interactions. As a proofof-concept, we monitored the relative position of the hole-shaped rDNA and foci formed by the HR factor Rad52 during genotoxic treatment. We observed that Rad52 did not fully colocalize with the bulk of rDNA signals [Fig. 3C].

It could also be speculated that NE pushing may break the rDNA, or that this membrane irruption may alter the rDNA anchoring to the INM. If rDNA breaks occur (or are induced), how will the kinetics of repair take place? The natural process of relocation having been aborted, could repair be hampered? Irrespective of the answers, can manipulation of the CLIP-cohibin complex, both at their level of expression, or of their post-translational modifications, alleviate any of these potential events associated with membrane invagination? Reciprocally, the basal threshold level of CLIP expression and post-translational modifications needed to authorize recombination could be modified by membrane transitions.

To tackle these points, one could analyze rDNA stability and/or repair in mutants where nuclear hole formation is exacerbated (namely nvj1∆, where the NE contact with the vacuole is decreased; and yeh2∆, where the amount of sterol in membranes is elevated, [START_REF] Garcia | Nuclear ingression of cytoplasmic bodies accompanies a boost in autophagy[END_REF]). Changes in rDNA repeat number and frequency of rDNA recombination in those genetic backgrounds could be assessed under basal conditions, but also when breaks at the rDNA are induced at one single rDNA repeat in engineered I-SceI-expressing cells [START_REF] Torres-Rosell | The Smc5-Smc6 complex and SUMO modification of Rad52 regulates recombinational repair at the ribosomal gene locus[END_REF], or all rDNA repeats through the expression of the exclusively rDNA-targeting enzyme I-PpoI [START_REF] Capella | Nucleolar release of rDNA repeats for repair involves SUMO-mediated untethering by the Cdc48/p97 segregase[END_REF]. Fluorescence microscopy could be exploited to monitor the congregation of DNA repair proteins at the edge of the nucleolus or, reciprocally, their potential unscheduled entry into it, as well as their frequency of contact with a fluorescently labeled rDNA repeat [START_REF] Torres-Rosell | The Smc5-Smc6 complex and SUMO modification of Rad52 regulates recombinational repair at the ribosomal gene locus[END_REF]. Importantly, the use of mutants in cohibin and CLIP complex, either that abolish anchorage or that stabilize it [START_REF] Mekhail | Role for perinuclear chromosome tethering in maintenance of genome stability[END_REF][START_REF] Capella | Nucleolar release of rDNA repeats for repair involves SUMO-mediated untethering by the Cdc48/p97 segregase[END_REF], would be instrumental to assess the contribution of chromatin tethering to membrane invagination impact.

Significance and novelty in the field

rDNA instability is the principal determinant of decreased lifespan in yeast [START_REF] Kobayashi | Ribosomal RNA gene repeats, their stability and cellular senescence[END_REF]. One remarkable illustration of this instability occurs if chromatin cannot be condensed when multiple rDNA copies stop being transcribed, a response needed to adjust to a decreased demand upon starvation. In this context, the lack of condensin loading leaves the template exposed to unscheduled recombination and rDNA circles excision [START_REF] Tsang | Nutrient starvation promotes condensin loading to maintain rDNA stability[END_REF]. Interestingly, condensin loading onto chromatin is reported to entail nuclear membrane pulling in Drosophila [START_REF] Bozler | Condensins exert force on chromatin-nuclear envelope tethers to mediate nucleoplasmic reticulum formation in Drosophila melanogaster. G3 Genes[END_REF]. Thus, in this case, a membrane that imposes resistance to compaction would be predicted to increase the risk of genetic instability.

In human cells, genetic instability-associated nucleoli deregulation is linked to several pathologies, likely because nucleolar deregulation has a negative influence on many cellular processes, including metabolic and proteostatic pathways [START_REF] Correll | The Nucleolus: A Multiphase Condensate Balancing Ribosome Synthesis and Translational Capacity in Health, Aging and Ribosomopathies[END_REF][START_REF] Lindström | Nucleolus as an emerging hub in maintenance of genome stability and cancer pathogenesis[END_REF]. A relevant example is that of cancers characterized by nucleolar hypertrophy, for which nucleolar size is used as a histopathological marker to categorize the tumour malignancy [START_REF] Derenzini | What the nucleolus says to a tumour pathologist[END_REF]. Even if the parallelisms would need to be clearly assessed, the case of the hematological cancer anaplastic large cell lymphoma is of striking similarity with the yeast phenotype of a cytoplasmic portion invaginating from the nuclear membrane we propose to study here: it concurs with a similar morphological event and with identical genetic determinants, such as the promoting role of DAG and sterols [discussed in [START_REF] Garcia | Nuclear ingression of cytoplasmic bodies accompanies a boost in autophagy[END_REF]].

More broadly, NE deformity and genome instability are paired in neurodegenerative diseases, laminopathies, lipodystrophies, aging, aneuploidy syndromes, and cancer progression [START_REF] Hwang | Suppressing Aneuploidy-Associated Phenotypes Improves the Fitness of Trisomy 21 Cells[END_REF][START_REF] Correll | The Nucleolus: A Multiphase Condensate Balancing Ribosome Synthesis and Translational Capacity in Health, Aging and Ribosomopathies[END_REF][START_REF] Lindström | Nucleolus as an emerging hub in maintenance of genome stability and cancer pathogenesis[END_REF][START_REF] Hansen | The nuclear envelope and metastasis[END_REF]. Thus, the understanding of if and how membranes can impact DNA integrity maintenance, beyond the nucleolus, will be of wide relevance to better understand cell type specification (as is the case for neutrophils) [START_REF] Georgopoulos | In search of the mechanism that shapes the neutrophil's nucleus[END_REF], response to pathogens [START_REF] Mettenleiter | Breaching the Barrier-The Nuclear Envelope in Virus Infection[END_REF], chromosome territories establishment and segregation [START_REF] Champion | Dissociation of membrane-chromatin contacts is required for proper chromosome segregation in mitosis[END_REF], and general DNA repair [START_REF] Kalousi | Nuclear compartmentalization of DNA repair[END_REF].

Material & Methods

Exponentially growing cultures (at 30°C) of cells lacking the Yeh2 protein in which Net1 was tagged at its C-terminus with GFP and Pus1 at its N-terminus with mCherry were exposed for 2h to 100 µg/mL zeocin (R25001, Thermo Fisher Scientific) to exacerbate the events of cells manifesting the "hole" phenotype. Rad52 was monitored through YFP tagging at its chromosomal location. Sec63-RFP was expressed from a plasmid (pSM1960, Addgene #41842). For fluorescence microscopy, 1 mL of culture was centrifuged; the supernatant was thrown away and the pellet was resuspended in the remaining 50 μL. Next, 3 μL of this cell suspension was directly mounted on a coverslip for immediate imaging of the pertinent fluorophore-tagged protein signals. An Axio Imager Z2 microscope (Zeiss) was used for imaging and subsequent image visualization was done with Image J (v2.0.0-rc-69/1.52i). Through-focus series were acquired every 0.26 μm for 8 μm. Deconvolution was conducted using Huygens professional v21.04 (Scientific Volume Imaging, Hilversum, the Netherlands) using the Cmle algorithm. (F) Blebbing, during which the whole NE is involved in remodelling, can occur in contexts of deficient Golgi vesicular trafficking [START_REF] Webster | Vesicle trafficking maintains nuclear shape in Saccharomyces cerevisiae during membrane proliferation[END_REF], or under oxidative stress [START_REF] Torán-Vilarrubias | Oxidative agents elicit endoplasmic reticulum morphological changes suggestive of alterations in lipid metabolism[END_REF]. (G) Nuclear protrusions called flares elongate from the nucleolus-surrounding membranes and bear nucleolar contents and rDNA. Flares grow by wrapping the vacuole under particular situations leading to a cell cycle halt in G 2, such as microtubule depolymerization [START_REF] Witkin | The budding yeast nuclear envelope adjacent to the nucleolus serves as a membrane sink during mitotic delay[END_REF][START_REF] Matos-Perdomo | The vacuole shapes the nucleus and the ribosomal DNA loop during mitotic delays[END_REF]. (H) Bilobed nuclei, in which the nucleolus appears delimited by its own membranes, have been reported in mutants in nucleolar proteins or secretion defects [START_REF] Male | Nucleolar size regulates nuclear envelope shape in Saccharomyces cerevisiae[END_REF][START_REF] Walters | Nuclear envelope expansion in budding yeast is independent of cell growth and does not determine nuclear volume[END_REF]. (I) Protrusions of the NE from the nucleolus-surrounding domain that yet do not harbour nucleolar contents are termed escapades and arise upon overexpression of the telomere-tethering factor Esc1 (47); (J) Invagination of the NE at the nucleolussurrounding domain harbouring cytoplasmic contents. Driven by high content of sterol and / or phosphatidic acid in membranes, it competes with the area available to establish the NVJ [START_REF] Garcia | Nuclear ingression of cytoplasmic bodies accompanies a boost in autophagy[END_REF]. 

Fig. 1 .

 1 Fig. 1. General organization of the ribosomal DNA in Saccharomyces cerevisiae (A) Simplified scheme of a S. cerevisiae cell showing the ER subdomains; the nucleus, defined by two bilayers (ONM, outer nuclear membrane; INM, inner nuclear membrane); and the vacuole. The nuclear pores have been omitted for simplicity. The orange area depicts the nucleolus. (B) The rDNA locus, hosted in the nucleolus, is located within chromosome XII. The rest of the chromosome XII hangs in the nucleoplasm. CLIP proteins (Heh1, Nur1, in green) and cohibin (Csm1, Lrs4, in yellow) warrant the anchorage of the rDNA to the INM. (C, D) Strategies that prevent rDNA instability. Anchorage of the rDNA locus to the INM and exclusion of the homologous recombination (HR) machinery from the nucleolus limit its access to the rDNA repeats (C). Upon DNA damage occurring in rDNA locus, Nur1 phosphorylation allows the release of the broken locus so that it can migrate to the nucleolus boundary to become accessible to the HR machinery (D).

Fig. 2 .

 2 Fig. 2. Physiological and pathological nuclear envelope remodelling (A-E) Physiological remodelling of the NE. (A) Remodelling during closed mitosis in the shape of an hourglass. The nucleolus lies between both mother and daughter nuclei because the rDNA is the last part of the genome to be segregated (87) ; (B) Remodelling of the whole nucleus to create a mating projection (shmoo) in response to sexual pheromones. The nucleolus lies behind the migrating tip. (C) NVJ (nucleus-vacuole junction) proteins, Nvj1 and Vac8, depicted in red, keep the contact between the vacuole and the ONM near to the nucleolus-surrounding membrane. (D) The NVJ expands during nutritional scarcity or metabolic alterations. (E) Evagination of teardrop-like structures from the NE containing nuclear material towards the vacuole during microautophagy. (F-J) Abnormal remodelling of the NE.(F) Blebbing, during which the whole NE is involved in remodelling, can occur in contexts of deficient Golgi vesicular trafficking[START_REF] Webster | Vesicle trafficking maintains nuclear shape in Saccharomyces cerevisiae during membrane proliferation[END_REF], or under oxidative stress[START_REF] Torán-Vilarrubias | Oxidative agents elicit endoplasmic reticulum morphological changes suggestive of alterations in lipid metabolism[END_REF]. (G) Nuclear protrusions called flares elongate from the nucleolus-surrounding membranes and bear nucleolar contents and rDNA. Flares grow by wrapping the vacuole under particular situations leading to a cell cycle halt in G 2, such as microtubule depolymerization[START_REF] Witkin | The budding yeast nuclear envelope adjacent to the nucleolus serves as a membrane sink during mitotic delay[END_REF][START_REF] Matos-Perdomo | The vacuole shapes the nucleus and the ribosomal DNA loop during mitotic delays[END_REF]. (H) Bilobed nuclei, in which the nucleolus appears delimited by its own membranes, have been reported in mutants in nucleolar proteins or secretion defects[START_REF] Male | Nucleolar size regulates nuclear envelope shape in Saccharomyces cerevisiae[END_REF][START_REF] Walters | Nuclear envelope expansion in budding yeast is independent of cell growth and does not determine nuclear volume[END_REF]. (I) Protrusions of the NE from the nucleolus-surrounding domain that yet do not harbour nucleolar contents are termed escapades and arise upon overexpression of the telomere-tethering factor Esc1 (47); (J) Invagination of the NE at the nucleolussurrounding domain harbouring cytoplasmic contents. Driven by high content of sterol and / or phosphatidic acid in membranes, it competes with the area available to establish the NVJ[START_REF] Garcia | Nuclear ingression of cytoplasmic bodies accompanies a boost in autophagy[END_REF].

Fig. 3 .

 3 Fig. 3. The invagination of the nucleolus-surrounding nuclear envelope obliterates the rDNA into a ring shape (A) Saccharomyces cerevisiae cells lacking the protein Yeh2, thus accumulating more sterols in cellular membranes, were used to boost the phenomenon of NE invagination, as reported (48). The nucleoplasm is visualized using mCherry-tagged Pus1 (magenta) and the rDNA by its binding protein Net1 tagged with GFP (yellow). A nucleus not suffering the invagination is shown on the left (normal), while two examples of invaginating events, indicated by numbers, are shown on the right. These nuclei are presented as sequentially acquired planes from out of the nucleus towards its interior, as indicated by an arrow, to illustrate the morphology of the rDNA arrangement. This cytoplasm invagination creates a "black hole" (devoid of Pus1 signal) around which the rDNA appears in the shape of a ring. (B) Three lateral planes of an early invagination event, indicated by an arrowhead, are shown in magenta by marking the ONM with Sec63-RFP. The rDNA is marked by Net-GFP. (C) The relative positions of two Rad52 foci with respect to a hole-shaped rDNA are shown in yellow and highlighted by arrowheads.
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