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Introduction

Brain development is a tightly-regulated process, highly susceptible to DNA damaging agents, such as ionizing radiation. Several studies have reported that neural stem and progenitor cells (NSPCs), which generate successively the main cells of the central nervous system, namely neurons, astrocytes and oligodendrocytes, are highly sensitive to radiation-induced DNA damage [START_REF] Hoshino | Developmental-stage-dependent radiosensitivity of neural cells in the ventricular zone of telencephalon in mouse and rat fetuses[END_REF][START_REF] Nowak | Radiation-induced H2AX phosphorylation and neural precursor apoptosis in the developing brain of mice[END_REF].

Upon DNA damage, cells activate the DNA damage response (DDR), a network of signaling pathways that sense, signal and repair DNA lesions, promoting cell checkpoints that slow or halt cell-cycle progression of proliferating cells. This is supposed to allow more time for DNA repair and/or for the elimination of damaged cells by apoptosis [START_REF] Jackson | Sensing and repairing DNA double-strand breaks[END_REF].

Stem cells are thought to have a very robust DDR, allowing them to repair and avoid accumulation and transmission of DNA lesions to their progeny, as well as to preserve their regenerative potential [START_REF] Vitale | DNA Damage in Stem Cells[END_REF]. Distinct features of the DDR of embryonic NSPCs have thus been reported. In the developing mouse brain, these highly proliferating cells are highly prone to p53dependent, radiation-induced apoptosis [START_REF] Nowak | Radiation-induced H2AX phosphorylation and neural precursor apoptosis in the developing brain of mice[END_REF][START_REF] Gatz | Requirement for DNA ligase IV during embryonic neuronal development[END_REF][START_REF] Semont | Involvement of p53 and Fas/CD95 in murine neural progenitor cell response to ionizing irradiation[END_REF][START_REF] Verreet | Current Evidence for Developmental, Structural, and Functional Brain Defects following Prenatal Radiation Exposure[END_REF]. They activate the intra-S and G2/M checkpoints [START_REF] Gatz | Requirement for DNA ligase IV during embryonic neuronal development[END_REF][START_REF] Etienne | Variation of radiation-sensitivity of neural stem and progenitor cell populations within the developing mouse brain[END_REF][START_REF] Roque | Lack of a p21waf1/cip -dependent G1/S checkpoint in neural stem and progenitor cells after DNA damage in vivo[END_REF], but they do not activate the G1/S checkpoint, which could contribute to restore the neural progenitor pool and resume the brain development more rapidly after genotoxic stress [START_REF] Etienne | Variation of radiation-sensitivity of neural stem and progenitor cell populations within the developing mouse brain[END_REF][START_REF] Roque | Lack of a p21waf1/cip -dependent G1/S checkpoint in neural stem and progenitor cells after DNA damage in vivo[END_REF].

Classical non-homologous end-joining (C-NHEJ) and homologous recombination (HR) are the two major repair pathways of DNA double-strand breaks (DSBs), which are the most deleterious form of DNA damage induced by ionizing radiation, potentially leading to mutations and large chromosomal rearrangements. C-NHEJ functions all along the cell cycle, performing the direct religation of broken DNA ends, whereas HR requires long stretches of similar sequences and operates during post-replication phases [START_REF] Her | How cells ensure correct repair of DNA double-strand breaks[END_REF].

NHEJ involves the Ku70/80 heterodimer (Ku) that binds to DNA ends and recruits the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to form the DNA-PK holoenzyme.

DNA-PK promotes synapsis of DNA ends, enhances appropriate end processing through activation of the Artemis endo/exo-nuclease and recruits the ligation complex made of X-ray crosscomplementing protein 4 (XRCC4), DNA ligase IV (LigIV) and XRCC4-like factor (XLF, also known as Cernunnos or NHEJ1) [START_REF] Ahnesorg | XLF interacts with the XRCC4-DNA ligase IV complex to promote DNA nonhomologous end-joining[END_REF][START_REF] Buck | Cernunnos, a novel nonhomologous end-joining factor, is mutated in human immunodeficiency with microcephaly[END_REF].

DSBs also occur as intermediates in various biological events. NHEJ is thus an integral part of the V(D)J recombination machinery, which generates diverse antigenic repertoires during T and B cells development [START_REF] Arya | V(D)J Recombination Exploits DNA Damage Responses to Promote Immunity[END_REF]. Consequently, human mutations in Artemis, DNA-PKcs, LIGIV and XLF not only cause increased cellular radiosensitivity consistently with the DNA repair defect, but also cause various extents of severe combined immunodeficiency (SCID) due to defective V(D)J recombination. In addition, mutations in LigIV and XLF are associated with microcephaly.

Several studies have demonstrated the importance of a functional NHEJ during brain development. XRCC4 and LigIV deficiency result in massive neuronal cell death leading to embryonic mouse lethality (Barnes et al., 1998;Frank et al., 1998;Gao et al., 1998). Recent studies have identified recurrent DSB clusters in dividing NSPCs, which are frequently joined to each other, thus potentially leading to gene diversification in NSPCs. NHEJ may have thus a role in neuronal physiology reminiscent to that it plays in the V(D)J recombination machinery [START_REF] Alt | DNA double-strand breaks as drivers of neural genomic change, function, and disease[END_REF][START_REF] Wei | Long Neural Genes Harbor Recurrent DNA Break Clusters in Neural Stem/Progenitor Cells[END_REF][START_REF] Wei | Three classes of recurrent DNA break clusters in brain progenitors identified by 3D proximity-based break joining assay[END_REF].

Contrary to Xrcc4-/-or Lig4-/-mice, Xlf -/-mice are viable with a slightly affected immune system [START_REF] Li | Lymphocyte-specific compensation for XLF/cernunnos end-joining functions in V(D)J recombination[END_REF][START_REF] Vera | Cernunnos deficiency reduces thymocyte life span and alters the T cell repertoire in mice and humans[END_REF] and the brain of Xlf-/-embryos only shows scarce apoptotic cells [START_REF] Abramowski | PAXX and Xlf interplay revealed by impaired CNS development and immunodeficiency of double KO mice[END_REF]. The mild phenotype of Xlf-/-mice has been shown to rely on compensating pathways from the ATMdependent DNA damage response [START_REF] Zha | ATM damage response and XLF repair factor are functionally redundant in joining DNA breaks[END_REF], on overlapping functions between RAG2 and XLF in V(D)J recombination and the maintenance of genome stability [START_REF] Lescale | Specific Roles of XRCC4 Paralogs PAXX and XLF during V(D)J Recombination[END_REF], and on redundant function with PAXX for DNA repair during mammalian immune and brain development in vivo [START_REF] Abramowski | PAXX and Xlf interplay revealed by impaired CNS development and immunodeficiency of double KO mice[END_REF][START_REF] Balmus | Synthetic lethality between PAXX and XLF in mammalian development[END_REF][START_REF] Liu | PAXX promotes KU accumulation at DNA breaks and is essential for end-joining in XLF-deficient mice[END_REF].

Nevertheless, as expected from NHEJ defect, Xlf-/-murine embryonic fibroblasts (MEFs) and fibroblasts from Xlf deficient patients show spontaneous cytogenetic abnormalities and are highly sensitive to ionizing radiation [START_REF] Li | Lymphocyte-specific compensation for XLF/cernunnos end-joining functions in V(D)J recombination[END_REF] and to the radiomimetic drug phleomycin [START_REF] Vera | Cernunnos deficiency reduces thymocyte life span and alters the T cell repertoire in mice and humans[END_REF].

To gain insights on specific features of the DNA damage response of NSPCs, here we compared the effects of acute (γ-radiation) and chronic (incorporation of tritiated thymidine -3 H-T-into DNA) genotoxic stress on mouse embryonic NSPCs and on proliferating non-stem cells, MEFs, using molecular cytogenetic approaches. To further investigate the respective importance of DNA repair pathways for the two types of cells we compared cells isolated from wt and Xlf-/-C57Bl/6 mouse embryos.

Materials and Methods

Primary cell cultures and treatments

Mouse embryonic NSPCs were obtained from wt C57Bl/6N (Charles Rivers) and Xlf-/-deficient [START_REF] Abramowski | PAXX and Xlf interplay revealed by impaired CNS development and immunodeficiency of double KO mice[END_REF] mouse embryos at E14.5 days of gestation. Animals were humanely sacrificed according to European Communities Council Directive (2010/63/EU). Dorsal telencephalic cortices were dissected and then mechanically dissociated into single cells. NSPCs were then cultured in NeuroCult™ Proliferation Medium (Stemcell Technologies Inc.) containing 20 ng/mL epidermal growth factor (EGF, Millipore) at 37°C, in a controlled atmosphere containing 5% CO2 according to the Technical Manual Version 2.1.0 (2016) to generate floating primary neurospheres. The freefloating primary neurospheres were seeded onto laminin (1 µg/cm 2 , Sigma)-coated flasks without dissociation in 5 mL of fresh medium in T-25 flasks. In these conditions, NSPCs formed an adherent monolayer in an undifferentiated state. At each passage, cells were harvested by trypsinization and re-seeded (5*10 5 cells /flask) in 5 mL of fresh medium.

MEFs were harvested from the same animals as above and cultured according to standard protocol [START_REF] Saeed | Mouse embryonic fibroblasts (MEF) exhibit a similar but not identical phenotype to bone marrow stromal stem cells (BMSC)[END_REF]. Briefly, head and internal organs were removed and the remaining tissues were minced and digested with 0.05% trypsin/EDTA 1 mM (Gibco) for 10 min at 37°C. Cell suspension was filtered through 70 μm cell strainer (Falcon) and then plated in a T-75 flasks containing DMEM (Gibco) with 10 % fetal bovine serum (Gibco) and 1 % penicillin-streptomycin solution (Sigma) at 37°C, in a controlled atmosphere containing 5% CO2. When MEFs reached 80 % confluence, they were trypsinized and reseeded into T-25 flask (3*10 5 cells/flask) with 5 mL of fresh medium.

Twenty-four hours after seeding, adherent NSPCs and MEFs were γ-irradiated using a 137 Cs source (GSR D1, Gamma Service Medical GmbH) at 0.2, 0.5 and 1 Gy with a dose rate of 0.8 Gy/min. 3 

H-T incorporation was performed by adding [methyl-3H] thymidine (PerkinElmer, Specific

Activity: 1.75 TBq/mmol) to the culture medium at the final concentrations of 0.185, 0.37, 0.74 or 1.85 KBq/mL. Cells were treated with 30 µM of Pifithrin-α (PFT-α, Sigma) dissolved in DMSO or 0.1 % DMSO as control.

Apoptosis assay

Apoptosis induction was analyzed by assessing the caspases 3/7 activity using CellEvent™ Caspase 3/7 Green Detection Reagent (Thermo Fisher) according to the manufacturer's instructions. Briefly, NSPCs and MEFs were cultured in 24 well Glass Bottom Plates (Greiner bio-one) at a density of 2*10 5 cells per well. Cells were γ-irradiated or contaminated by increasing concentrations of 3 H-T. At the end of the experiments, each well was loaded with 10 µM of CellEvent™ Caspase 3/7 Green Detection Reagent and Hoechst 33342 (1 µg/mL, Sigma) for nuclear counterstaining. Cultures were incubated 30 min at 37°C, and then imaged under live fluorescence microscopy (NIKON). Image analysis was accomplished using NIS-Elements software.

Telo-FISH (Telomere-Fluorescent In Situ Hybridization)

Cells were treated for two hours at 37 °C with 0.1 µg/mL colchicine (Sigma) added to the culture medium. They were then harvested with trypsin and re-suspended in hypotonic solution (37.5 mM KCl, 8.33% fetal calf serum) for 30 min at 37°C, cells were then fixed by acetic acid /ethanol (1V/3V) and kept at 4°C overnight. Metaphase chromosome preparations were obtained by spreading the cells on cooled wet glass slide. After air drying, Telo-FISH staining was performed using a telomeric fluorescent PNA probe [Cy3-(CCCTAA)3; Applied Biosystems] as previously described (Pennarun 2008), chromosomes were counterstained using DAPI (Sigma, 1µg/mL). Metaphases were imaged using Zeiss Axioplan2 microscope coupled with Metafer imaging software (MetaSystems). At least 50 metaphases per condition were analyzed. Since polyploid metaphases are frequent in MEFs cultures [START_REF] Sotillo | Mad2 overexpression promotes aneuploidy and tumorigenesis in mice[END_REF], the study was limited to metaphase with 2n chromosomes.

53BP1 foci quantification

NSPCs and MEFs were cultured on Millicell EZ slide (8-well Glass, Millipore). Cells were then fixed with 4% paraformaldehyde for 1h at room temperature and permeabilized with 0.5 % triton X-100 in PBS for 10 min. After 1h in blocking buffer containing 7.5 % goat serum (Gibco) and 7.5% fetal bovine serum (Gibco), cells were incubated with 53BP1 antibody (1:200, Cell Signaling) at 4°C overnight and then with secondary antibody Alexa Fluor 594 (1:1000, Life Technologies) at room temperature for 1h. After counterstaining with DAPI (Sigma, 1 mg/ml), the slides were mounted with Fluoromount-G (Southern Biotech) and images were captured with a fluorescence microscope (Spinning Disk Confocal CSU-W1, GATACA SYSTEMS).

Multi-FISH (Multi-Fluorescent In Situ Hybridization)

Metaphase spreads were prepared as for Telo-FISH experiments. Metaphases were hybridized with a 21XMouse probe kit (MetaSystems) according to the manufacturer's instructions. Images were captured using a Zeiss Axioplan2 microscope. At least 30 metaphases were analyzed for each condition with M-FISH software (ISIS, MetaSystems).

Cellular autoradiography

3 H-T incorporation was detected by cellular autoradiography as previously described [START_REF] Granotier | Preferential binding of a G-quadruplex ligand to human chromosome ends[END_REF].

Briefly, slides were dipped into liquid photographic emulsion (NTB, Carestream), after drying in a humidified atmosphere, slides were exposed during 4 days at 4°C. Slides were developed in Kodak D-19 (Kodak), and then stained with Mayer's hemalum (Merck). Metafer software enable to image the same metaphases analyzed for cytogenetic assay.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla, CA, USA). Significant differences between experimental groups were analyzed by Kruskal-Wallis test for multiple comparisons (*P < 0.05, **P < 0.01, ***P < 0.001).

Results

Cell cycle checkpoints activation and chromosome instability are associated with apoptosis in irradiated mouse NSPCs, but not in irradiated MEFs

To compare the DNA damage responses of NSPCs and MEFs, cells isolated from wt and Xlf-/-mouse embryos (E14.5) were cultured in conditions allowing them to proliferate at similar rates (i.e. approximately one population doubling per 24h, Figure 1A). In these conditions, the different cell types show a low basal chromosome instability (Figure 1B). However, consistently with the role of Xlf in DNA repair, Xlf-deficient cells showed higher chromosome instability compared to wt cells (Figure 1B) and importantly, both wt and Xlf-/-MEFs exhibited a higher frequency of chromosome aberrations than their NSPCs counterparts.

Freshly isolated cells were exposed to different doses of γ-radiation (0, 0.2, 0.5 or 1 Gy).

Only NSPCs cultures showed a dose-dependent increase of apoptosis at 24h post-irradiation (PI) (reaching 17.8 ± 0.7 % of cells after 1 Gy, Figure 1C andS1). This is in accordance with previous studies showing that neural progenitors, but not MEFs, are highly prone to radiation-induced apoptosis [START_REF] Nowak | Radiation-induced H2AX phosphorylation and neural precursor apoptosis in the developing brain of mice[END_REF][START_REF] Semont | Involvement of p53 and Fas/CD95 in murine neural progenitor cell response to ionizing irradiation[END_REF][START_REF] Roque | Lack of a p21waf1/cip -dependent G1/S checkpoint in neural stem and progenitor cells after DNA damage in vivo[END_REF][START_REF] Kashiwagi | Repair kinetics of DNA double-strand breaks and incidence of apoptosis in mouse neural stem/progenitor cells and their differentiated neurons exposed to ionizing radiation[END_REF]. Xlf deficiency increased the radiation-induced apoptosis of NSPCs but had not such effects on MEFs, thus emphasizing the difference between the two cell types (Figure 1C).

Telo-FISH performed on metaphases harvested at 24h PI showed a dose-dependent increase of chromosome aberrations (Figure 1D and S2), consisting mainly of chromosome breaks, ie. chromosome-type aberrations generated from unrepaired DSBs induced before DNA replication (in G1 or S phase in unreplicated chromosome regions). The levels of these chromosome aberrations were increased in Xlf-deficient cells, evidencing the defect in DNA repair in the absence of Xlf. Moreover, the detection of dicentric chromosomes in 1Gy-irradiated Xlf-/-NSPCs and MEFs (Figure 1D) uncovers the decreased fidelity of DNA repair resulting from Xlf deficiency when cells have to deal with a high number of DSBs.

Interestingly, the chromosome stability after an acute genotoxic stress appears better preserved in NSPCs than in MEFs. Indeed, radiation-induced chromosome aberrations were less abundant in wt NSPCs than in wt MEFs, as well as in Xlf-/-NSPCs than in Xlf-/-MEFs (Figure 1E). Accordingly, the percentage of metaphases without any detectable chromosome aberration was higher in NSPCs than in MEFs at each dose tested (Figure 1E).

Xlf deficiency strongly impacted the metaphase index of irradiated NSPCs, suggesting that apoptosis may promotes genetic stability in NSPCs cultures by eliminating damaged cells (Figure 1F). However, other mechanisms may contribute to a better preservation of chromosome stability of irradiated NSPCs as compared to irradiated MEFs. Indeed, irradiated wt NSPCs and wt MEFs showed a similar dose-dependent decrease of the metaphase index despite differences in apoptosis induction (Figures 1F and1C) and apoptosis did not prevent some irradiated Xlf-/-NSPCs to reach metaphase with high numbers of chromosome aberrations.

NSPCs have higher DNA repair capacity than MEFs from late S phase to metaphase

We then monitored DSB repair by quantifying the 53BP1 foci at different times after irradiation. As shown in Figure 1G and S3, the number of DNA damage foci decreased more rapidly in Xlf proficient as compared to Xlf deficient cells, consistently with the DNA repair deficiency, and in NSPCs as compared to MEFs suggesting a faster DNA repair activity in NSPCs than in MEFs. Interestingly, the number of DNA damage foci returned close to the basal level at 24h PI whatever the cell type (Figure S3).

In order to investigate more specifically the DNA repair activity in MEFs and NSPCs irradiated in late S or G2 phase, Telo-FISH was performed on metaphases harvested at 3h PI when radiation-induced apoptosis was not yet detected in cultures of wt and Xlf-/-NSPCs at any dose tested (Figure 2A). Metaphases from irradiated cells showed a dose-dependent increase of chromosome aberrations, which were nearly 10 times more abundant than at 24h PI for each type of cells (Figure 2B), confirming that surviving cycling cells at 24h PI had repaired most of radiation-induced DNA breaks, even in the absence of Xlf.

Chromosome aberrations observed at 3h PI were essentially chromatid breaks, which result from unrepaired double strand breaks (DSBs) induced after replication either in late S or in G2 phase, which is consistent with the experimental design. Significantly less chromatid breaks were numbered in wt NSPCs than in wt MEFs at each dose tested (Figure 2B). Accordingly, the percentages of cells without any detectable chromosome aberration were higher in NSPCs than in MEFs cultures (Figure 2C). This lower level of chromosome instability was not related to differences in cell cycle checkpoints activation since wt NSPCs and wt MEFs showed similar dosedependent decreases of the metaphase index (Figure 2D). These results reveal therefore the higher capacity of wt NSPCs as compared to wt MEFs to repair DSBs induced during late S and G2 phase, thereby reducing the number of chromatid breaks persisting at metaphase.

Xlf deficiency impacts less severely the DNA repair fidelity from late S to G2 phase in

NSPCs than in MEFs

Chromosome aberrations were increased 3 to 4 times at 3h PI in irradiated Xlf-/-NSPCs and Xlf-/-MEFs as compared to their wt counterparts at each dose tested (Figure 2B) evidencing the importance of Xlf for DSB repair in S and G2 after irradiation. Interestingly, radial figures, ie. chromatid-type aberrations involving two or more chromosomes, were detected after 1 Gy at similar levels in both Xlf-/-NSPCs (0.3 ± 0.09 /metaphase) and Xlf-/-MEFs (0.3± 0.08 /metaphase) (Figure 2E), whereas they were undetectable at lower doses in these cells, as well as in irradiated wt cells, strengthening the notion of decreased DNA repair fidelity in the absence of Xlf when NSPCs and MEFs have to deal with a high number of DNA breaks.

Irradiated Xlf-/-NSPCs showed significantly less chromosome aberrations than irradiated Xlf-/-MEFs at each dose tested (reaching 7.7 ± 0.4 aberrations/metaphase in Xlf-/-NSPCs and 12.7 ± 0.9 in Xlf-/-MEFs after 1 Gy) (Figure 2B). Metaphase indexes of both types of irradiated cells were similarly decreased in a dose-dependent manner as compared to wt controls (Figure 2D) in the absence of apoptosis induction (Figure 2A), showing that Xlf deficiency delayed cell cycle progression similarly in the two types of irradiated cells.

Altogether, these data reveal that, although Xlf is critically involved in DSB repair from late S to G2 phase, Xlf deficiency impacts less severely the DNA repair capacity in NSPCs than in MEFs.

Lower chromosome instability in NSPCs cultured with 3 H-T than in MEFs

We then compared the responses of NSPCs and MEFs to chronic DNA damage induction.

To this aim, cells were cultured for several cell cycles in the presence of various concentrations of tritiated thymidine ( 3 H-T, 0 to 1.85 KBq/mL). 3 H-T is incorporated into DNA of cycling cells during S phase. Once incorporated, radioactive decays of 3 H-T are known to induce both DNA single-and double-strand breaks [START_REF] Cleaver | Biological damage from intranuclear tritium: DNA strand breaks and their repair[END_REF][START_REF] Lemotte | DNA damage induced in human diploid cells by decay of incorporated radionuclides[END_REF], resulting in chronic DNA damage induction in the cells and their progeny [START_REF] Geard | Chromosomal aberrations in three successive cell cycles of Wallabia bicolor leukocytes after tritiated thymidine incorporation[END_REF]. Due to the semi-conservative DNA replication, each chromatids of all chromosomes contains one tritiated DNA strand at the first metaphase after 3 H-T incorporation (Figure 3A). At the second metaphase in presence of 3 H-T, all chromosomes keep only one parental "cold" DNA strand of one chromatid. Then, in the absence of recombination and selective pressure, the number of chromosomes per cell containing one cold DNA strand diminishes progressively after each cell cycle. Thus, along with further cell replications in presence of 3 H-T, all chromosomes tend to have incorporated two times more 3 H-T than that after the first round of 3 H-T incorporation, which is supposed to increase the rate of chronic DNA damage. 3 H-T incorporation has been assessed by cellular autoradiography on metaphases collected after 24h and 72h of culture, when cells could have incorporated 3 H-T during no more than one entire S phase, and up to three successive S phases respectively. As shown in (Figure 3B and S4), the numbers of silver grains/metaphase increased in a concentration-and time-dependent manner in both NSPCs and MEFs cultures, evidencing the successive rounds of 3 H-T incorporation.

However, important variations in the number of silver grains per metaphase were observed at the highest concentrations of 3 H-T in both NSPCs and MEFs, thereby evidencing delays in transition from S to M phase at 24h, as well as delays in the whole cell cycle progression at 72h. These effects were more marked in Xlf-/-cells (Figure 3B). Accordingly, metaphase indexes decreased in a concentration and time-dependent manner (Figure 3C), confirming the effects of 3 H-T incorporation on the cell cycle. As observed with γ-radiation, this decrease was associated with NSPCs apoptosis, which was enhanced in the absence of Xlf. By contrast, only a low level of apoptosis was observed in Xlf-/-MEFs cultured with the highest 3 H-T concentration tested (1.85 KBq/mL) (Figure 3D), confirming the differences in apoptosis induction between NSPCs and MEFs in response to DNA damage.

As shown in Table 1, 3 H-T induced both chromatid breaks, and chromosome-type aberrations consisting mostly in chromosome breaks. Chromatid breaks were detected at both 24h and 72h after 3 H-T addition in the culture medium, whereas chromosome breaks were significantly increased only after 72h, showing that both types of aberrations were directly the consequences of decays from 3 H-T incorporated into DNA (ie. from DSBs induced during either S or G2 phase for chromatid breaks and before the last S phase in presence of 3 H-T for chromosome-type aberrations).

Both types of aberrations were increased in Xlf-/-cells as compared to wt cells (Figure 3E), evidencing the importance of Xlf for the repair of DNA damage induced by 3 H-T decays all along the cell cycle. Additionally, a few dicentrics were observed at the highest 3 H-T concentrations in metaphases of Xlf-/-cells, confirming once again the decreased fidelity of DNA repair in the absence of Xlf in both NSPCs and MEFs when exposed to high genotoxic stress (Table 1).

As a consequence of differences in the composition of their respective culture media (i.e. concentrations of cold thymidine), 3 H-T incorporation was two times greater after 24h in MEFs than in NSPCs at each 3 H-T concentration (Figure 3B). Therefore, to evidence differences in the effects of 3 H-T between MEFs and NSPCs, we compared chromosome instability in conditions leading to similar levels of 3 H-T incorporation in the two types of cells: NSPCs cultured with 0.74 KBq/mL vs MEFs cultured with 0.37 KBq/ml (Figure 3F). In these conditions, a low apoptosis was induced in wt NSPCs cultures (less than 10%) (Figure 3D), which presented a decrease of the metaphase index similar to that in wt MEFs (around 30%) (Figure 3C), but a lower number of chromosome aberrations (Figures 3E andF). Strikingly, no significant increase in chromosome breaks were detected after 72 h in wt NSPCs cultures, whereas around 20 % of wt MEFs metaphases contained one chromosome break, indicating a lower chromosome instability in NSPCs than in MEFs cultured with 3 H-T. Finally, pifithrin-α, a well-known inhibitor of p53-dependent apoptosis [START_REF] Komarov | A chemical inhibitor of p53 that protects mice from the side effects of cancer therapy[END_REF], did not significantly increase neither the number of chromosome breaks, nor that of chromatid breaks in wt NSPCs cultured with 3 H-T (Figure S5), excluding therefore apoptosis as the main cause of a lower chromosome instability in NSPCs than in MEFs.

Adaptive response to 3 H-T incorporation reduced chromatid-breaks in irradiated NSPCs but not in irradiated MEFs

Interestingly, despite the increased amount of 3 H-T incorporated into metaphase chromosomes from 24h to 72h due to its presence in both parental and neo-synthesized DNA strands at 72h (Figure 3B), the number of chromatid breaks per metaphase did not increase in both NSPCs and MEFs cultures at any concentration tested and whatever their Xlf status (Figure S6). This suggests that both types of cells developed an adaptive response to the chronic genotoxic stress, reducing therefore the number of chromatid-type aberrations induced by the radioactive decays of 3 H-T during S and G2 phase, independently of their Xlf status.

Human blood lymphocytes cultured with 3 H-T have been previously shown to develop an adaptive response decreasing the chromatid breaks induced by high dose of X-rays [START_REF] Olivieri | Adaptive response of human lymphocytes to low concentrations of radioactive thymidine[END_REF]. To further explore the possible development of such adaptive response in NSPCs and MEFs, cells that had been cultured for 48h with 3 H-T were γ-irradiated (1 Gy) and metaphases were collected at 3h PI (Figure 4A). In the aim to compare the effects of similar 3 H-T incorporation rates in the two types of cells, NSPCs were cultured with 3 H-T at 0.74 KBq/mL and MEFs with 3 H-T at 0.37 KBq/mL as described above. Ten to twenty times more chromatid breaks were found in 1 Gy-irradiated cells as compared to non-irradiated cells cultured with 3 H-T (Figures 4B, 4C andS6). Tritium incorporation did not change the number of chromatid breaks induced by γ-radiation in MEFs (Figure 4B). By contrast, γ-irradiated wt NSPCs that had previously incorporated 3 H-T showed less chromatid-and chromosome-type aberrations than control cells (Figure 4C). This effect was not related to higher level of apoptosis (Figure 4D -note that no radiation-induced apoptosis is detected at 3h after irradiation in NSPCs cultures, see Figure 2A-), nor to stronger activation of the G2/M checkpoints (Figure 4E), indicating therefore that 3 H-T incorporation increased the DNA repair capacity of NSPCs. This effect was not observed in Xlf-/-NSPCs (Figure 4C), indicating that it depends on Xlf.

Altogether, these data suggest that both NSPCs and MEFs developed an adaptive response to chronic DNA damage that allowed NSPCs, but not MEFs, to reduce chromosome instability induced by subsequent high dose of γ-radiation exposure.

Maintenance of chromosome stability is more efficient in long term cultures of NSPCs with 3 H-T than in MEFs

We then compared the long-term consequences of chronic DNA damage on NSPCs and MEFs cultures. To this end, cells were cultured for 7 days with 3 H-T at 0.74 KBq/mL and 0.37 KBq/mL respectively. Telo-FISH staining and cellular autoradiography were performed on metaphases recovered at days 1, 3, 5 and 7 (Figure 5A). The number of silver grains per metaphase increased with time in wt, as well as in Xlf-deficient cells (Figure 5B), confirming that the 3 H-T concentrations used allowed the determination of the progressive effects of many successive rounds of incorporation in our different types of cells.

As shown on figure 5C, apoptosis was chronically induced at low levels in wt NSPC cultures and at higher levels in that of Xlf-/-NSPCs, but not in that of MEFs whatever their Xlf status, consistently with the data obtained at earlier times after incorporation (Figure 3D).

Interestingly, mitotic index of wt NSPCs was slightly decreased in presence of 3 H-T, but remained stable over time (Figure 5D). By contrast, mitotic index of Xlf-/-NSPCs but also that of wt and Xlf-/-MEFs decreased constantly.

The number of chromatid breaks induced by tritium incorporation per metaphase was higher in Xlf-/-MEFs than in their wt counterpart (Figure 5E). These numbers remained stable in metaphases collected at day 3, as compared to those collected at day 1 for the two types of cells (Figure 5E), confirming the induction of an adaptive response to the chronic genotoxic stress independently of the Xlf status. However, it increased thereafter both in wt and Xlf-/-MEFs.

Besides, the number of chromosome breaks increased at day 3 (Figure 5F), and remained stable thereafter in wt MEFs, but further increased with time in Xlf-/-MEFs, together with the appearance of dicentrics at day 7 in these cells (Figure 5G). Consequently, the percentage of cells without any chromosome aberrations decreased with time in both wt and Xlf-/-MEFs, when the percentage of highly damaged cells containing both chromatid-and chromosome-type aberrations increased progressively, especially in Xlf-/-MEFs cultures (Figures 6 andS7). Altogether, these results demonstrate that despite the initial development of an adaptive response, chronic DNA damage led a progressive loss of control of chromosome stability with cell divisions in wt MEFs cultured with 3 H-T, which was aggravated by Xlf-deficiency.

On the contrary, wt NSPCs cultured with 3 H-T showed a constant decrease in chromosome aberrations after day 1, which was mainly related to a significant decrease in chromatid breaks (Figure 5H). Moreover, the number of chromosome breaks per metaphase remained stable and lower to that found in wt MEFs (Figure 5I). Consequently, after 7 days in culture with 3 H-T, more than 82% of wt NSPCs did not present any chromosome aberration (Figures 6 andS7) vs. only 27% of wt MEFs. By contrast, Xlf-/-NSPCs cultured with 3 H-T showed a stably elevated number of chromatid breaks (Figure 5H), and a significant increase with time of both chromosome breaks (Figure 6I) and dicentrics (Figure 5J). Consequently, the percentage of surviving Xlf-/-NSPCs without any chromosome aberration decreased along with the apparition of some cells containing both chromatid-and chromosome-type aberrations (Figures 6 andS7), showing a progressive increase in chromosome instability and therefore the importance of Xlf for the maintenance of genome stability.

Finally, multi-FISH analysis on metaphases recovered after 7 days in culture with 3 H-T (Figure 5K) did not show any chromosome rearrangements in wt NSPCs, whereas such chromosome aberrations were detected in a significant percentage of the other cell types including wt MEFs (Figures 5L andM).

Altogether these data show that contrary to MEFs, in which chronic DNA damage induced a progressive loss of chromosome stability, NSPCs cultured with 3 H-T more efficiently maintain their chromosome stability at long-term. This appears to rely on a better capacity to face DNA damage, further increased by the development of an adaptive response. These data confirm therefore that NSPCs developed an adaptive response to chronic DNA damage induced by 3 H-T incorporation into their DNA, which reduced the number of chromatid breaks detectable at the following metaphases. This adaptive response, partially abolished by Xlf deficiency, allowed NSPCs to maintain their chromosome stability, and thereby enabled wt NSPCs to proliferate without any detectable chromosomal aberrations.

Interestingly, the high level of apoptosis and the strong activation of cell checkpoints could not prevent the increase of chromosome-type aberrations in Xlf-/-NSPCs, clearly demonstrating the importance of Xlf for NSPCs to maintain their genetic stability at long-term when they are exposed to chronic DNA damage.

Table 1: Chromosome aberrations induced by 3 H-T in NSPCs and MEFs.

Chromatid breaks (CTB), chromosome breaks (CSB) and dicentrics (Dic) per metaphase in wt and Xlf-/-NSPCs and MEFs cultured with 3H-T for 24h and 72h. Each data point represents the mean SEM of 50 metaphases, statistical analysis by Kruskal-Wallis test. 

Discussion

High fidelity of genetic transmission in NSPCs has been long time considered to be crucial for brain development and homeostasis. However, recent studies have identified recurrent DSB clusters in dividing NSPCs, which may underlie the diversity of neuronal cell types and contribute to neuronal physiology through a mechanism reminiscent of V(D)J recombination involving NHEJ [START_REF] Alt | DNA double-strand breaks as drivers of neural genomic change, function, and disease[END_REF][START_REF] Wei | Long Neural Genes Harbor Recurrent DNA Break Clusters in Neural Stem/Progenitor Cells[END_REF][START_REF] Wei | Three classes of recurrent DNA break clusters in brain progenitors identified by 3D proximity-based break joining assay[END_REF]. This raised the interest in understanding how NSPCs sense and repair DSBs and how this mechanism could be altered by environmental genotoxic stress caused by pollutants or ionizing radiation during brain development. This is particularly emphasized by the observation that many of these recurrent DSB clusters are located in chromosome regions containing genes involved in the etiology of neurodevelopmental and psychiatric disorders and cancers [START_REF] Alt | DNA double-strand breaks as drivers of neural genomic change, function, and disease[END_REF][START_REF] Wei | Long Neural Genes Harbor Recurrent DNA Break Clusters in Neural Stem/Progenitor Cells[END_REF][START_REF] Wei | Three classes of recurrent DNA break clusters in brain progenitors identified by 3D proximity-based break joining assay[END_REF].

We have shown here that embryonic mouse NSPCs have significantly higher capacity than MEFs to maintain their chromosome stability in response to acute (γ-radiation), as well as chronic ( 3 H-T incorporation) genotoxic stress. Strikingly, a progressive and generalized chromosome instability occurred in MEFs cultured with 3 H-T at long-term. On the contrary, NSPCs cultured in the same conditions, preserved their chromosome stability. This appears to rely mainly on a higher DNA repair activity further enhanced by an adaptive response. Indeed, although we cannot totally exclude its role, elimination of damaged cells by apoptosis, seems not to be a major cause of chromosome stability in NSPC cultures, as suggested by Pifithrin-α experiments.

By using different methods, several reports have shown that the DDR of pluripotent and multipotent stem cells differs from that of other somatic cells and allows an efficient maintenance of their genomic integrity [START_REF] Vitale | DNA Damage in Stem Cells[END_REF][START_REF] Lan | Characterizing the Radioresponse of Pluripotent and Multipotent Human Stem Cells[END_REF][START_REF] Mandal | DNA damage response in adult stem cells: pathways and consequences[END_REF][START_REF] Wyles | Stem Cells: The Pursuit of Genomic Stability[END_REF][START_REF] Zou | Responses of Human Embryonic Stem Cells and Their Differentiated Progeny to Ionizing Radiation[END_REF]. Irradiated NSPCs have been reported to have a faster DSB repair activity, monitored by DSB repair foci quantification [START_REF] Kashiwagi | Repair kinetics of DNA double-strand breaks and incidence of apoptosis in mouse neural stem/progenitor cells and their differentiated neurons exposed to ionizing radiation[END_REF], which was further confirmed in our study. Here, we used molecular cytogenetic approaches to examine genetic stability at the chromosomal level. The main limitations of these techniques are that they can only be performed on metaphase spreads and cannot detect small rearrangements or intra-chromosomal rearrangements. However, they can evidence complex karyotypes and structural abnormalities, allowing us to highlight important variations in the maintenance of chromosome stability between MEFs and NSPCs.

Interestingly, these variations occurred particularly during late S and G2 phase. It is therefore tempting to propose that the higher capacity of NSPCs to repair radio-induced DNA breaks during S-G2 phase results from an adaptation of the DNA repair machinery to the high rate of recurrent DNA breaks within large and late-replicating genes in these cells as reported by Wei and colleagues [START_REF] Wei | Long Neural Genes Harbor Recurrent DNA Break Clusters in Neural Stem/Progenitor Cells[END_REF].

Cultures of NSPCs with 3 H-T represent a highly relevant in vitro model to study the effect of chronic genotoxic stress on the developing brain. One of the main interests of our study is that we compared, for the first time to our knowledge, the response to chronic genotoxic stress of proliferating embryonic NSPCs to that of another type of proliferating embryonic, non-stem cells.

NSPCs are well known to be highly prone to radiation-induced apoptosis, as an alternate outcome to non-repaired DNA damages [START_REF] Nowak | Radiation-induced H2AX phosphorylation and neural precursor apoptosis in the developing brain of mice[END_REF][START_REF] Gatz | Requirement for DNA ligase IV during embryonic neuronal development[END_REF][START_REF] Semont | Involvement of p53 and Fas/CD95 in murine neural progenitor cell response to ionizing irradiation[END_REF][START_REF] Roque | Lack of a p21waf1/cip -dependent G1/S checkpoint in neural stem and progenitor cells after DNA damage in vivo[END_REF][START_REF] Acharya | Consequences of ionizing radiation-induced damage in human neural stem cells[END_REF][START_REF] Sokolov | Lessons learned about human stem cell responses to ionizing radiation exposures: a long road still ahead of us[END_REF], contrary to MEFs [START_REF] Kashiwagi | Repair kinetics of DNA double-strand breaks and incidence of apoptosis in mouse neural stem/progenitor cells and their differentiated neurons exposed to ionizing radiation[END_REF]. Consistently, we showed that 3 H-T incorporation triggered a dose-dependent apoptosis in NSPCs, but not in MEFs. This apoptosis clearly prevented the proliferation of NSPCs accumulating chromosome aberrations at long-term cultures with 3 H-T. Conversely, we showed that the lack apoptotic response favored the accumulation of chromosome aberrations in MEFs. Together with a lower DNA repair capacity this contributed to a dramatic decrease of the percentages of cells without any chromosome aberrations in MEFs cultured with 3 H-T at long-term.

Our cytogenetic analyses are clearly in accordance with a major role of XLF in NHEJ since: i) Xlf deficiency highly increases the chromosome instability induced by acute, as well as chronic genotoxic stress in both NSPCs and MEFs ; ii) we showed that XLF loss reduces the DNA repair fidelity at intermediate dose (1Gy) of γ-radiation, as well as at high rates of 3 H-T incorporation in both types of cells, iii) they also reveal the importance of XLF for the repair of chromatid breaks occurring either spontaneously, after γ radiation, or 3 H-T decays during the late S and G2 phase. However, we found that the consequences of Xlf deficiency on chromosome instability were less severe in NSPCs than in MEFs in response to γ radiation, as well as in short term cultures with 3 H-T, suggesting a variation of its requirement for DNA repair in function of the cell type. This is further emphasized by the lower level of basal chromosome instability observed in cultures of Xlf-/-NSPCs as compared to Xlf-/-MEFs. Overall, Xlf deficiency altered moderately the basal level of DNA repair in cultures of Xlf-/-NSPCs, consistently with the mild impact on brain development of Xlf deficiency, leading only to a few apoptotic cells detected in the embryonic brain [START_REF] Abramowski | PAXX and Xlf interplay revealed by impaired CNS development and immunodeficiency of double KO mice[END_REF][START_REF] Liu | PAXX promotes KU accumulation at DNA breaks and is essential for end-joining in XLF-deficient mice[END_REF].

This mild in vivo effect has been related to redundant functions between XLF and PAXX in DNAend tethering [START_REF] Abramowski | PAXX and Xlf interplay revealed by impaired CNS development and immunodeficiency of double KO mice[END_REF][START_REF] Liu | PAXX promotes KU accumulation at DNA breaks and is essential for end-joining in XLF-deficient mice[END_REF] suggesting that the differential effects of XLF loss on DNA repair in MEFs and NSPCs depends on different expression levels of PAXX between the two types of cells.

Adaptive response has been initially defined as the cellular resistance to high doses of radiation acquired by different cell types upon a prior exposure to low doses [START_REF] Devic | Influence of Individual Radiosensitivity on the Adaptive Response Phenomenon: Toward a Mechanistic Explanation Based on the Nucleo-Shuttling of ATM Protein[END_REF][START_REF] Ikushima | Radioadaptive response: efficient repair of radiationinduced DNA damage in adapted cells[END_REF]. We show here that such an adaptive response is also developed by NSPCs to reduce the effects of long-term chronic genotoxic stress. Different end points, ie. DNA damage foci, cell killing, mutation induction, micronuclei formation, chromosome aberration induction have been used to evidence this effect [START_REF] Olivieri | Adaptive response of human lymphocytes to low concentrations of radioactive thymidine[END_REF][START_REF] Gajendiran | Neutron-induced Adaptive Response Studied in Go Human Lymphocytes Using the Comet Assay[END_REF][START_REF] Nenoi | In vivo radioadaptive response: a review of studies relevant to radiation-induced cancer risk[END_REF][START_REF] Schwarz | The effect of radio-adaptive doses on HT29 and GM637 cells[END_REF][START_REF] Stoilov | Adaptive response to DNA and chromosomal damage induced by X-rays in human blood lymphocytes[END_REF][START_REF] Zhao | Ionizing Radiation-Induced Adaptive Response in Fibroblasts under Both Monolayer and 3-Dimensional Conditions[END_REF]. Cytogenetic adaptive response expressed in late S or G2 reducing the yield of chromatid-type aberrations induced by high dose of X radiation has been thus reported in lymphocytes cultured with 3 H-T [START_REF] Olivieri | Adaptive response of human lymphocytes to low concentrations of radioactive thymidine[END_REF], as well as in lymphocytes, bone marrow cells, and germinal cells after low dose of ionizing radiation [START_REF] Farooqi | Low-dose radiation-induced adaptive response in bone marrow cells of mice[END_REF][START_REF] Jacquet | Studies on the adaptive response in mouse female germ cells X-irradiated in vitro at two different stages of maturation[END_REF]. In line with these studies, we have shown that 48h in culture with 3 H-T reduce the number of chromatid breaks induced by 1Gy of γ-radiation in NSPCs. This cytogenetic adaptive response is not present in Xlf-/-NSPCs, confirming the role of NHEJ in the adaptive response reported by previous studies in other cellular settings [START_REF] Klammer | Evidence of an adaptive response targeting DNA nonhomologous end joining and its transmission to bystander cells[END_REF][START_REF] Klammer | Dependence of adaptive response and its bystander transmission on the genetic background of tested cells[END_REF][START_REF] Shelke | Dose response and adaptive response of non-homologous end joining repair genes and proteins in resting human peripheral blood mononuclear cells exposed to γ radiation[END_REF]. Indeed, resting human peripheral blood mononuclear cells exposed to a priming dose of 0.1 Gy followed by a challenging dose of 2 Gy showed significantly increased expression of the proteins involved in NHEJ as compared to non-primed cells [START_REF] Shelke | Dose response and adaptive response of non-homologous end joining repair genes and proteins in resting human peripheral blood mononuclear cells exposed to γ radiation[END_REF].

In our study, MEFs differed from NSPCs by not developing a cytogenetic adaptation after a challenging dose of 1 Gy, although previous studies have reported an adaptive response after low dose radiation in these cells by using a plasmid end-joining assay [START_REF] Klammer | Evidence of an adaptive response targeting DNA nonhomologous end joining and its transmission to bystander cells[END_REF][START_REF] Klammer | Dependence of adaptive response and its bystander transmission on the genetic background of tested cells[END_REF]. This apparent discrepancy may be explained by the difference in the endpoints used. Moreover, the authors also revealed that the effect they observed occurred only within a narrow window of X ray doses [START_REF] Klammer | Dependence of adaptive response and its bystander transmission on the genetic background of tested cells[END_REF],

suggesting that it may be too low to be detected after the challenging dose we used by cytogenetic methods in MEFs. This is further sustained by our observation that MEFs, similarly to NSPCs, develop an adaptive response to chronic DNA damage evidenced by the stabilization of the number of chromatid breaks observed in successive metaphases despite the increase amount of 3 H-T incorporated into their DNA.

To conclude, our analyses indicate that embryonic mouse NSPCs can face a large number of DSBs more efficiently than MEFs, and show a better resistance to chronic genotoxic stress at long-term. This unveils some particular features of the DNA damage response of NSPCs in direct connection with their specific generative/regenerative functions. These features may constitute an effective response to the necessity for preserving their genome stability together with their newly described possible function in creating neuronal genetic diversity. Comparative transcriptomic and proteomic studies of the different factors engaged in the DNA damage response, and particularly NHEJ, should probably give new mechanistic insights on these differences between the two types of cells. Further studies should determine whether long-term chronic genotoxic stress caused by 3 H-T alters the stem cell potential, and or induces the selection of particular subpopulations of NSPCs. This should prove to be very useful in understanding the effects on brain development of chronic exposure to DNA damaging agents. 

Captions

G. 53BP1 foci quantified in irradiated NSPCs and MEFs

Histogram showing the relative ratio of the 53BP1 focus number at the corresponding time (3h and 24h) to that at 1h post-irradiation (1 Gy). Fifty-six to 62 cells were analyzed in each condition. 

A. 3 H-T incorporation model

Schematic representation of several rounds of 3 H-T incorporation into chromosomes as supposed by the semi-conservative DNA replication pattern.

B. Amount of incorporated 3 H-T into chromosomes

Boxplot representing the numbers of silver grains per metaphase in wt and Xlf-/-NSPCs and MEFs, 

C. Cell checkpoints activation in NSPCs and MEFs cultures

Metaphase index as percentage of control in NSPCs and MEFs cultures, 24h and 72h after 3 H-T incorporation. At least 1000 cells were analyzed per condition. Each data point represents the mean ± SD from triplicates.

D. 3 H-T-induced apoptosis

Bar graph representing the percentage of 3 H-T-induced apoptotic cells with activated caspase 3/7 (from 774 to 3370 cells were analyzed per condition). Each data point represents mean ± SEM (n=6). *p<0.05, **p<0.01 by Mann-Whitney test.

E. Distribution of chromosome aberrations levels

Stacked bar graph showing the percentage of metaphases with various level of chromosome aberrations. 50 metaphases were analyzed in each condition.

F. Chromosome instability in NSPCs and MEFs metaphases

Bar graph representing chromatid breaks and chromosome breaks per metaphase in cultures of wt and Xlf-/-NSPCs and MEFs, 24h and 72h after 3 H-T incorporation. NSPCs cultured with 0.74 KBq/ml vs MEFs cultured with 0.37 KBq/ml leading to similar levels of 3 

A. Experimental scheme

NSPCs and MEFs were cultured during 7 days with 3 H-T at 0.74 KBq/mL and 0.37 KBq/mL respectively. Medium and 3 H-T were renewed at days 2, 4 and 6. Cells were analysed at days 1, 3, 5 and 7. 

B. Amount of incorporated 3 H-T into chromosomes

Figure 1 :

 1 Figure 1: Apoptosis contributes to preserve chromosome stability in irradiated NSPCs cultures, but not in irradiated MEFs cultures. A. Proliferation rate in NSPCs and MEFs cultures Population doublings curves of NSPCs and MEFs cultures, as well as their Xlf-deficient counterparts. Each data point represents the mean ± SD from duplicates. B. Basal chromosome instability in NSPCs and MEFs metaphases Bar graph representing chromatid breaks and chromosome breaks per metaphase in cultures of NSPCs and MEFs. Each data point represents the mean ± S.E.M of 400 to 500 metaphases. *p<0.05, **p<0.01, ***p<0.001 by Kruskal-Wallis test. C. Radiation-induced apoptosis at 24h PI Bar graph representing the percentage of radiation-induced apoptotic cells with activated caspase 3/7 (from 873 to 7667 cells were analyzed per condition). Each data point represents mean ± SEM (n=6). **p<0.01 by Mann-Whitney test. D. Chromosome instability in NSPCs and MEFs metaphases at 24h PI Bar graph representing chromosome breaks, chromatid breaks and dicentrics per metaphase in cultures of wt and Xlf-/-NSPCs and MEFs at 24h PI. Each data point represents the mean ± S.E.M of 50 metaphases. *p<0.05, **p<0.01, ***p<0.001 by Kruskal-Wallis test.E. Distribution of chromosome aberrations levelsStacked bar graph showing the percentage of metaphases with various levels of chromosome aberrations at 24h PI. 50 metaphases were analyzed in each condition.F. Cell checkpoints activation in NSPCs and MEFs cultures at 24h PIMetaphase index as percentage of control in NSPCs and MEFs cultures at 24h PI. At least 1000 cells were analyzed per condition. Each data point represents the mean ± SD from triplicates.

*

  p<0.05, **p<0.01, ***p<0.001 by Student's t-test.

Figure 2 :

 2 Figure 2: NSPCs exhibit a higher DNA repair capacity than MEFs from late S to G2 phase, which is partially associated to XLF activity. A. Radiation-induced apoptosis at 3h PI Bar graph representing the percentage of 1Gy-induced apoptotic cells with activated caspase 3/7. (from 1261 to 11169 cells were analyzed per condition). Each data point represents mean ± SEM (n=6). p>0.05 by Mann-Whitney test. B. Chromosome instability in NSPCs and MEFs metaphases at 3h PI Bar graph representing chromatid breaks and chromosome breaks per metaphase in cultures of wt and Xlf-/-NSPCs and MEFs at 3h PI. Each data point represents the mean ± S.E.M of 50 metaphases. *p<0.05, **p<0.01, ***p<0.001 by Kruskal-Wallis test.C. Distribution of chromosome aberrations per metaphaseStacked bar graph demonstrating the percentage of metaphases with various level of chromosome aberrations at 3h PI. 50 metaphases were analyzed in each condition.D. Cell checkpoints activation in NSPCs andMEFs cultures at 3h PI Metaphase index as percentage of control in NSPCs and MEFs cultures at 3h PI. At least 1000 cells were analyzed per condition. Each data point represents the mean ± SD from triplicates. E. Radial figures in NSPCs and MEFs cultures at 3h PI Bar graph representing radial figures per metaphase in cultures of wt and Xlf-/-NSPCs and MEFs at 3h PI. Each data point represents the mean ± S.E.M of 50 metaphases. ***p<0.001 by Kruskal-Wallis test.

Figure 3 :

 3 Figure 3: Similar level of 3 H-T incorporation induced less chromosome aberrations in NSPCs than in MEFs.

  24h and 72h after 3 H-T incorporation as revealed by cellular autoradiography. Each boxplot represents 90 th percentile of the data set and the line through the box represents the median (n = 50 metaphases analyzed per condition). *p<0.05, **p<0.01, ***p<0.001 by Kruskal-Wallis test.

  H-T incorporation in the two types of cells. Each data point represents the mean ± S.E.M of 50 metaphases. *p<0.05, **p<0.01, ***p<0.001 by Kruskal-Wallis test.

Figure 4 :

 4 Figure 4: Prior incorporation of 3 H-T reduced chromosome aberrations in irradiated NSPCs but not in irradiated MEFs.A. Experimental schemeNSPCs and MEFs were cultured with 3 H-T at 0.74 KBq/mL and 0.37 KBq/ml respectively during 48h and then 1Gy-irradiated. Cells were analyzed at 3h PI.B, C. Chromosome aberrations at 3h PI in3 H-T contaminated and non-contaminated MEFs (B) and NSPCs (C) Bar graph representing chromatid breaks and chromosome breaks per metaphase. Stacked bar graph representing the percentage of metaphases with various level of chromosome aberrations in culture of wt and Xlf-/-MEFs (B) and NSPCs (C) at 3h PI. Each data point represents the mean ± S.E.M of 50 metaphases. *p<0.05, ***p<0.001 by Kruskal-Wallis test.D. Radiation-induced apoptosis at 3h PI

Figure 5 :

 5 Figure 5: Better maintenance of chromosome stability in NSPCs as compared to MEFs after long-term culture with 3 H-T.

  Boxplot representing the numbers of silver grains per metaphase in WT and Xlf-/-NSPCs and MEFs. Each boxplot represents 90th percentile of the data set and the line through the box represents the median (n = 50 metaphases analysed per condition). *p<0.05, **p<0.01, ***p<0.001 by Kruskal-Wallis test.C. 3 H-T-induced apoptosisPercentage of 3 H-T-induced apoptotic cells with activated caspase 3/7 (from 852 to 11170 cells were analyzed per condition). Each data point represent mean ± SEM (n=6). *p<0.05, **p<0.01 by Mann-Whitney test.D. Cell checkpoints activation in NSPCs and MEFs culturesMetaphase index as percentage of control in NSPCs and MEFs cultures. Each data point represents the mean ± SD from triplicates.E, F, G. Chromosome instability in MEFs metaphasesBar graph representing chromatid breaks (E), chromosome breaks (F) and dicentrics (G) per metaphase in culture of wt and Xlf-/-MEFs (solid lines represent the 3 H-T contaminated cells and dashed lines represent their controls). Each data point represents the mean ± S.E.M of 50 metaphases. *p<0.05, **p<0.01, ***p<0.001 by Kruskal-Wallis test. H, I, J. Chromosome instability in NSPCs metaphases Bar graph representing chromatid breaks (H), chromosome breaks (I) and dicentrics (J) per metaphase in culture of wt and Xlf-/-NSPCs (solid lines represent the 3 H-T contaminated cells and dashed lines represent their controls). Each data point represents the mean ± S.E.M of 50 metaphases. *p<0.05, **p<0.01, ***p<0.001 by Kruskal-Wallis test. K, L, M. Translocations level in NSPCs and MEFs after 7 days of culture with 3 H-T Example of M-FISH karyogram from Xlf-/-NSPCs cultured with 3 H-T during 7 days (K). White arrow indicates a translocation between the chromosome 2 and 11. Bar graph representing translocations rate per metaphase in culture of wt and Xlf-/-NSPCs and MEFs (L). Each data point represents the mean ± S.E.M of 30 metaphases. *p<0.05, by Kruskal-Wallis test. Stacked bar graph demonstrating the percentage of metaphases with various level of translocations (M).

Figure 6 :

 6 Figure 6: Long term culture with 3 H-T lead to progressive loss of chromosome stability in MEFs and better preservation of genetic integrity in NSPCs. 3D bar graph showing the distribution of chromatid-and chromosome-type aberrations per metaphase in NSPCs and MEFs cultured with 3 H-T during 7 days.

Figure S1 :

 S1 Figure S1: Detection of radiation-induced apoptosis Activated caspase 3/7 staining of NSPCs and MEFs, 24h after γ-irradiation (1Gy). Scale bars = 100 μm.

Figure S2 :

 S2 Figure S2: Telo-FISH staining on metaphase spreads. (A) unirradiated wt NSPCs, (B and C) Xlf-/-NSPCs at 3h PI (1Gy), (D) wt MEFs at 24 PI (1Gy) and (E) Xlf-/-MEFs at 24h PI (1Gy). Enlargement showing different types of chromosome aberrations: chromatid break (a), radial figure (b), chromosome break (c) and dicentric (d). Scale bars = 10 μm.

Figure S3 :

 S3 Figure S3: 53BP1 foci quantified in irradiated NSPCs and MEFs and controls.

Figure S4 :

 S4 Figure S4: Detection of 3 H-T by cellular autoradiography

Figure S5 :

 S5 Figure S5: Pifithrin-α did not change the level of chromosome aberrations induced by 3 H-T incorporation in WT NSPCs

Figure S6 :

 S6 Figure S6: No increase of chromatid breaks from 24h to 72h in both NSPCs and MEFs, whatever their Xlf status. Bar graph representing chromatid breaks per metaphase in cultures of wt and Xlf-/-NSPCs and MEFs, 24h and 72h after 3 H-T incorporation. Each data point represents the mean ± S.E.M of 50 metaphases. p>0.05 by Kruskal-Wallis test. Data are representative of 2 independents experiments.

Figure S7 :

 S7 Figure S7: Evolution of basal chromosome aberrations distribution in NSPCs and MEFs cultures.

  

  

  

  

  

  

  p value from non-contaminated control, ψ p value from wt control by Kruskal-Wallis test

						3 H-T (KBq/mL)	
			0	0.185	0.37	0.74	1.85
		CTB	0.02 ± 0.02	0.05 ± 0.03	0.13 ± 0.05	0.18 ± 0.05 ( # p = 0.02)	0.28 ± 0.07 ( # p <0.001)
	wt	CSB	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.02 ± 0.02	0.06 ± 0.03
	24h	Dicentrics 0.00 ± 0.00 CTB 0.05 ± 0.03	0.00 ± 0.00 0.09 ± 0.04	0.00 ± 0.00 0.17 ± 0.05	0.00 ± 0.00 0.40 ± 0.08 ( # p <0.001, ψ p = 0.01)	0.00 ± 0.00 0.55 ± 0.10 ( # p <0.001, ψ p = 0.02)
	Xlf-/-	CSB	0.02 ± 0.02	0.02 ± 0.02	0.02 ± 0.02	0.02 ± 0.02	0.03 ± 0.02
	NSPCs	Dicentrics 0.00 ± 0.00 CTB 0.02 ± 0.02	0.00 ± 0.00 0.07 ± 0.04	0.00 ± 0.00 0.10 ± 0.04	0.00 ± 0.00 0.10 ± 0.04	0.00 ± 0.00 0.16 ± 0.05 ( # p = 0.03)
	wt	CSB	0.00 ± 0.00	0.00 ± 0.00	0.00 ± 0.00	0.03 ± 0.02	0.04 ± 0.03
	72h	Dicentrics 0.00 ± 0.00 CTB 0.03 ± 0.02	0.02 ± 0.02 0.13 ± 0.04	0.00 ± 0.00 0.14 ± 0.05	0.00 ± 0.00 0.28 ± 0.06 ( # p <0.001, ψ p = 0.006) 0.73 ± 0.19 ( # p <0.001, ψ p <0.001) 0.02 ± 0.02
	Xlf-/-	CSB	0.02 ± 0.02	0.02 ± 0.02	0.10 ± 0.04	0.23 ± 0.08 ( # p <0.001, ψ p = 0.002) 0.43 ± 0.10 ( # p <0.001, ψ p <0.001)
		Dicentrics 0.00 ± 0.00	0.00 ± 0.00	0.02 ± 0.02	0.02 ± 0.02	0.07 ± 0.05 ( # p = 0.004)
		CTB	0.13 ± 0.06	0.12 ± 0.05	0.28 ± 0.07	0.56 ± 0.11 ( # p = 0.009)	1.02 ± 0.19 ( # p <0.001)
	wt	CSB	0.00 ± 0.00	0.06 ± 0.04	0.04 ± 0.03	0.04 ± 0.03	0.08 ± 0.04
	24h	Dicentrics 0.00 ± 0.00 CTB 0.17 ± 0.07	0.00 ± 0.00 0.30 ± 0.08	0.00 ± 0.00 0.42 ± 0.08	0.00 ± 0.00 0.94 ± 0.15 ( # p <0.001)	0.00 ± 0.00 1.66 ± 0.28 ( # p <0.001, ψ p = 0.02)
	Xlf-/-	CSB	0.07 ± 0.05	0.06 ± 0.03	0.06 ± 0.03	0.16 ± 0.06	0.16 ± 0.05
	MEFs	Dicentrics 0.00 ± 0.00 CTB 0.13 ± 0.06	0.00 ± 0.00 0.06 ± 0.03	0.00 ± 0.00 0.14 ± 0.06	0.00 ± 0.00 0.40 ± 0.07 ( # p = 0.02)	0.00 ± 0.00 0.64 ± 0.12 ( # p = 0.002)
	wt	CSB	0.00 ± 0.00	0.10 ± 0.04	0.24 ± 0.07	0.30 ± 0.08 ( # p = 0.02)	0.32 ± 0.07 ( # p = 0.006)
	72h	Dicentrics 0.00 ± 0.00 CTB 0.20 ± 0.07	0.00 ± 0.00 0.24 ± 0.07	0.00 ± 0.00 0.30 ± 0.07	0.04 ± 0.03 0.66 ± 0.14 ( # p = 0.03)	0.08 ± 0.04 1.46 ± 0.21 ( # p <0.001, ψ p <0.001)
	Xlf-/-	CSB	0.07 ± 0.05	0.16 ± 0.07	0.36 ± 0.10	0.72 ± 0.12 ( # p <0.001, ψ p = 0.002) 1.18 ± 0.16 ( # p <0.001, ψ p <0.001)
		Dicentrics 0.00 ± 0.00	0.06 ± 0.03	0.00 ± 0.00	0.08 ± 0.05	0.34 ± 0.08 ( # p <0.001)
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