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Introduction SAMHD1 (sterile alpha motif and HD domain-containing protein 1) is a deoxyribonucleoside triphosphohydrolase (dNTPase) that, in quiescent cells, restricts infection by the human immunodeficiency virus-1 and other viruses [1][2][3] . In cycling cells, this dNTPase activity is inhibited by phosphorylation of SAMHD1 by cyclin-dependent kinases 4,5 . Germline mutations in SAMHD1 cause Aicardi-Goutières syndrome (AGS), a rare inflammatory encephalopathy characterized by overproduction of type I interferons (IFNs) 6 . Other genes mutated in AGS include TREX1, a 3'-5' exonuclease that degrades nucleic acids in the cytoplasm 6,[START_REF] Yang | ! Trex1! Exonuclease! Degrades! ssDNA! to! Prevent! Chronic!Checkpoint!Activation!and!Autoimmune!Disease[END_REF] . Cytosolic DNA species that are not degraded by TREX1 trigger the production of type I IFNs and other cytokines through the cGAS-STING cytosolic DNA-sensing pathway [START_REF] Sun | Cyclic!GMP-AMP!Synthase!is!a!Cytosolic!DNA! Sensor! that! Activates! the! Type-I! Interferon! Pathway[END_REF] . The mechanism by which SAMHD1 inhibits this pathway is currently unclear9-11 but it has been proposed to involve an elusive 3'-5' exonuclease activity [START_REF] Seamon | !SAMHD1!is!a! single-stranded! nucleic! acid! binding! protein! with! no! active! site-associated! nuclease! activity[END_REF][START_REF] Beloglazova | !Nuclease!Activity!of!the!Human!SAMHD1!Protein!Implicated!in!the! Aicardi-Goutières! Syndrome! and! HIV-1! Restriction[END_REF][START_REF] Ryoo | !The!ribonuclease!activity!of!SAMHD1!is!required!for!HIV-1!restriction[END_REF] .

Besides AGS, SAMHD1 is frequently mutated in solid tumors and in chronic lymphocytic leukemia [START_REF] Clifford | !SAMHD1!is!mutated!recurrently!in!chronic!lymphocytic!leukemia!and!is! involved!in!response!to!DNA!damage[END_REF][START_REF] Rentoft | ! Heterozygous! colon! cancer-associated! mutations! of! SAMHD1! have! functional!significance[END_REF] . Since SAMHD1 regulates intracellular dNTP pools, imbalanced dNTP levels in SAMHD1-deficient cells might perturb the progress of replication forks and thus increase spontaneous mutagenesis [START_REF] Rentoft | ! Heterozygous! colon! cancer-associated! mutations! of! SAMHD1! have! functional!significance[END_REF][START_REF] Franzolin | ! The! deoxynucleotide! triphosphohydrolase! SAMHD1! is! a! major! regulator!of!DNA!precursor!pools!in!mammalian!cells[END_REF] . Moreover, SAMHD1 colocalizes with DNA repair foci in cells exposed to genotoxic agents [START_REF] Clifford | !SAMHD1!is!mutated!recurrently!in!chronic!lymphocytic!leukemia!and!is! involved!in!response!to!DNA!damage[END_REF] , suggesting that it may play a more direct role at DNA lesions or at stalled replication forks. Fork stalling occurs when cells are exposed to genotoxic agents such as hydroxyurea (HU) and camptothecin (CPT) or when they encounter sequences that are intrinsically difficult to replicate 18 . Single-stranded DNA (ssDNA)

accumulates at stalled forks and recruits the checkpoint kinase ATR, which in turn activates CHK1 to promote fork restart and prevent premature entry into mitosis 18,[START_REF] Pasero | !Nucleases!acting!at!stalled!forks:!how!to!reboot!the!replication! program!with!a!few!shortcuts[END_REF] . Fork restart depends on the degradation of nascent DNA strands by MRE11 through a process regulated by BRCA2 and called fork resection [START_REF] Hashimoto | Rad51!protects!nascent!DNA!from! Mre11-dependent!degradation!and!promotes!continuous!DNA!synthesis[END_REF][21][START_REF] Ray | ! Replication! fork! stability! confers! chemoresistance! in! BRCAdeficient!cells[END_REF] . Defective fork processing leads to fork collapse, increased genomic instability and cancer development 18,[START_REF] Pasero | !Nucleases!acting!at!stalled!forks:!how!to!reboot!the!replication! program!with!a!few!shortcuts[END_REF] .

Results

SAMHD1 prevents release of ssDNA

To determine whether SAMHD1 has a role at stalled forks that could be important to prevent the accumulation of cytosolic DNA, we first constructed stable HEK293T cell lines expressing either a shRNA against SAMHD1 (sh-SAM) or a scrambled shRNA control (sh-Scr; Extended Data Fig. 1a). Confocal immunofluorescence microscopy confirmed the presence of cytosolic ssDNA in sh-SAM cells, but at a much lower level than in TREX1-depleted HEK293T cells, used here as positive control (Fig. 1a, b and Extended Data Fig. 1b). SAMHD1 depletion also induced type I IFN and other pro-inflammatory cytokine mRNAs in HEK293T (Fig. 1c), HL116 cells (Extended Data Fig. 1c) and HeLa cells (Extended Data Fig. 1d). Importantly, both the accumulation of cytosolic ssDNA and induction of IFN genes were substantially increased when sh-SAM cells were exposed to HU to induce replication fork stalling (Fig. 1a, b, d and Extended Data Fig. 1e). Moreover, when newly replicated DNA was labeled with BrdU two hours before addition of HU, this cytosolic DNA contained BrdU (Fig. 1e and Extended Data Fig. 1f), indicating that it comes from arrested forks and not, for example, from damaged mitochondria -another possible source of cytosolic DNA (Extended Data Fig. 1g,h). This induction of IFN genes by the cGAS-STING pathway in HeLa, HEK293 and THP1 cells [START_REF] Langereis | Knockout!of!cGAS!and!STING!Rescues!Virus!Infection!of!Plasmid!DNA-Transfected!Cells[END_REF][START_REF] Holm | ! Influenza! A! virus! targets! a! cGAS-independent! STING! pathway! that! controls!enveloped!RNA!viruses[END_REF] is inhibited by depletion of SAMHD1 (Fig. 1f and Extended Data Fig. 1i, j, n, o), as it is the case in Samhd1 -/-mice 9 . It also depends on the interferon regulatory factor IRF3 (Extended Data Fig. 1k-n), both in the presence or the absence of HU. Together, these data indicate that SAMHD1 prevents the release of ssDNA from stalled forks and aberrant activation of the cGAS-STING pathway.

SAMHD1 is involved in DNA replication

To investigate the role of SAMHD1 in DNA replication, we first monitored its subcellular localization by immunofluorescence microscopy. SAMHD1 forms foci in HeLa cell nuclei which colocalize with replication sites (Fig. 2a and Extended Data Fig. 2a). By using iPOND (isolation of proteins on nascent DNA) method [START_REF] Sirbu | !Analysis!of!protein!dynamics!at!active,!stalled,!and!collapsed!replication! forks[END_REF] , we confirmed that SAMHD1 is present at replication forks (Fig. 2b and Extended Data Fig. 2b). However, SAMHD1 persisted on newly replicated chromatin after a thymidine chase, unlike PCNA (Fig. 2b). SAMHD1 also interacted with nascent DNA in Xenopus egg extracts and was recruited to chromatin in response to replication inhibition and DNA double strand breaks (DSBs; Extended Data Fig. 2d-f).

SAMHD1-depleted cells grew more slowly than control cells (Extended Data Fig. 3a,b) and had a longer S phase (Extended Data Fig. 3c). To determine whether this was due to slower DNA synthesis, we labeled control and sh-SAM cells with IdU and CldU and monitored the progression of individual forks by DNA fiber spreading. CldU tracks were much shorter in both HEK293T and HeLa cells depleted of SAMHD1 than they were in control cells (Fig. 2c and Extended Data Fig. 3d-f), indicating slowed DNA synthesis. Moreover, increased fork stalling was detected in sh-SAM cells by monitoring the asymmetry of sister forks (Extended Data Fig. 3g), even though the density of active forks was unchanged (P=0.33, Extended Data Fig. 3h). Together, these data indicate that SAMHD1 promotes normal fork progression.

To determine whether the replication defects observed in sh-SAM cells were due to imbalanced dNTP pools, we measured dNTP levels in sh-SAM HEK293T cells by HPLC (Fig. 2d). In SAMHD1-depleted cells, dGTP levels were 2.5-fold higher than in controls, but dATP levels were only ~30% higher and dCTP and dTTP levels were unchanged. Moreover, addition of a balanced mix of nucleosides to sh-SAM cells only partially rescued fork speed (Fig. 2e),

suggesting that the role of SAMHD1 in S phase is not limited to the regulation of dNTP pools.

SAMHD1 is phosphorylated on T592 by cyclin-dependent kinases (CDKs) during S and G2/M phases of the cell cycle 4,5 (Extended Data Fig. 4a). To determine how this phosphorylation affects DNA replication, sh-SAM cells were complemented with phosphomimetic (T592E) or non-phosphorylatable (T592A) SAMHD1 mutants (Extended Data Fig. 4a). Unlike T592A, T592E fully rescued slow forks in sh-SAM cells (Fig. 2f). Since both cell types have similar dNTP levels (Extended Data Fig. 4b), these data indicate that phosphorylation of SAMHD1 on T592 promotes fork progression independently of dNTP pools. Interestingly, normal fork progression was also restored to sh-SAM cells by expression of the dNTPase-deficient K312A mutant but not by the dNTPase-proficient Y315A mutant [START_REF] Beloglazova | !Nuclease!Activity!of!the!Human!SAMHD1!Protein!Implicated!in!the! Aicardi-Goutières! Syndrome! and! HIV-1! Restriction[END_REF] (Extended Data Fig. 4a,c). Fork progression was also impaired in immortalized B cells from an AGS patient (AGS5-/-) with a Q548X mutation (Extended Data Fig. 4d), which does not affect dNTP regulation [START_REF] Seamon | !SAMHD1!is!a! single-stranded! nucleic! acid! binding! protein! with! no! active! site-associated! nuclease! activity[END_REF][START_REF] Ryoo | !The!ribonuclease!activity!of!SAMHD1!is!required!for!HIV-1!restriction[END_REF] .

Together, these data indicate that phosphorylation of SAMHD1 on T592 by CDK is required for normal fork progression.

SAMHD1 promotes fork resection

Since SAMHD1 was proposed to have potential 3'-5' exonuclease activity [START_REF] Beloglazova | !Nuclease!Activity!of!the!Human!SAMHD1!Protein!Implicated!in!the! Aicardi-Goutières! Syndrome! and! HIV-1! Restriction[END_REF][START_REF] Ryoo | !The!ribonuclease!activity!of!SAMHD1!is!required!for!HIV-1!restriction[END_REF] similar to MRE11, we next asked whether it could be involved in fork resection. We labeled newly synthesized DNA in control and sh-SAM cells with IdU for 15 minutes then exposed them to HU for 120 minutes in the presence of CldU. In control cells, a significant degradation of IdU tracks was observed after HU addition (Extended Data Fig. 5a), indicating resection. This was prevented by SAMHD1 depletion and/or by addition of the MRE11 inhibitor Mirin [START_REF] Hashimoto | Rad51!protects!nascent!DNA!from! Mre11-dependent!degradation!and!promotes!continuous!DNA!synthesis[END_REF]21 (Fig. 3a). Similar results were obtained by using a different labeling strategy (Extended Data Fig. 5b)

and aphidicolin (a drug that inhibits DNA polymerases without affecting dNTP pool) instead of HU to stall replication forks (Extended Data Fig. 5c). Moreover, addition of exogenous nucleosides did not restore fork resection in sh-SAM cells (Extended Data Fig. 5d) and dNTP pools were equally affected by HU exposure in control and sh-SAM cells (Extended Data Fig. 5e). Fork resection was also inhibited by the depletion of the CtIP, a cofactor of MRE11

(Extended Data Fig. 5f) and by depleting SMARCAL1 (Extended Data Fig. 5g). This suggests that resection occurs partly on reversed forks, which form at stalled forks upon reannealing of nascent DNA strands [START_REF] Zellweger | ! Rad51-mediated! replication! fork! reversal! is! a! global! response! to! genotoxic!treatments!in!human!cells[END_REF][START_REF] Betous | !SMARCAL1!catalyzes!fork!regression!and!Holliday!junction!migration!to! maintain!genome!stability!during!DNA!replication[END_REF][START_REF] Kolinjivadi | ! Smarcal1-Mediated! Fork! Reversal! Triggers! Mre11-Dependent! Degradation! of! Nascent! DNA! in! the! Absence! of! Brca2! and! Stable! Rad51! Nucleofilaments[END_REF] .

To investigate whether SAMHD1 is also required to resect DNA ends during DSB repair, we used the single molecule analysis of resection tracks (SMART) method [START_REF] Cruz-García | BRCA1!Accelerates!CtIP-Mediated!DNA-End!Resection[END_REF] and an in vivo DNA repair assay 30 in sh-SAM and control cells. These approaches demonstrated that SAMHD1 is indeed required to resect DNA ends and repair DSBs (Extended Data Fig. 6a-e), confirming a recent report [START_REF] Daddacha | !SAMHD1!Promotes!DNA!End!Resection!to!Facilitate!DNA!Repair!by! Homologous!Recombination[END_REF] . Also, we showed that Xenopus SAMHD1 is recruited to chromatin after EcoRI digestion (Extended Data Fig. 6f). Altogether, these data indicate that SAMHD1 acts with MRE11 and CtIP to promote resection at forks and DSBs, independently of dNTP pools.

Fork resection in sh-SAM cells was fully restored by the phosphomimetic T592E mutant of SAMHD1, but not by the non-phosphoryatable T592A mutant (Fig. 3b) and it was restored by the dNTPase-defective mutant K312A, but not by the dNTPase-proficient mutant Y315A

(Extended Data Fig. 5h), suggesting the resection function of SAMHD1 requires phosphorylation but not the dNTPase activity. Also, fork resection in immortalized B cells was impaired by the Q548X mutation found in AGS patients (Extended Data Fig. 5i). The resectionproficient mutants, T592E and K31A, prevented accumulation of cytosolic DNA whereas the resection-deficient mutants, T592A and Y315A, did not (Fig. 3c,d). Altogether, these data indicate that mutations in SAMHD1 affecting fork progression and nascent DNA resection are also associated with the release of ssDNA fragments into the cytoplasm.

SAMHD1 activates the MRE11 exonuclease

To characterize further the function of SAMHD1 at the biochemical level, we assayed the We assayed direct binding of SAMHD1 to labeled MRE11 by using microscale thermophoresis and measured a dissociation constant (Kd) of 977 ± 176 nM, suggesting that stimulation of the exonuclease activity of MRE11 by SAMHD1 is due to a direct interaction (Extended Data Fig. 7d). In addition to binding to MRE11, we found that SAMHD1 directly interacts with replication protein A (RPA) with a Kd = 312 ± 57 nM as determined by microscale thermophoresis (Extended Data Fig. 7e) and by co-immunoprecipitation in Xenopus egg extracts (Extended Data Fig. 7f). Xenopus SAMHD1 also interacted with the resection protein CtIP (Extended Data Fig. 7g). Together, these data suggest that SAMHD1 binds with high affinity to RPA and fork structures, where it interacts directly with MRE11 to selectively stimulate its exonuclease activity.

SAMHD1 activates CHK1 at stalled forks

Since SAMHD1 binds to forks, MRE11 and RPA in vitro and MRE11 is reported to play a role in CHK1 activation at stalled forks [START_REF] Lee | The!Mre11-RAD50-Nbs1!(MRN)!complex!has!a!specific!role!in!the! activation!of!CHK1!in!response!to!stalled!replication!forks[END_REF] , we asked whether the recruitment of MRE11 and the formation of RPA-coated ssDNA at stalled forks depends on SAMHD1. To address this possibility, we first examined the colocalization of MRE11 and EdU-labeled replication sites in HU-treated sh-SAM and control cells and found that their colocalization requires SAMHD1

(Extended Data Fig. 8a). To test whether formation of RPA-coated ssDNA also depends on SAMHD1, we looked for ssDNA in HU-treated sh-SAM and control cells by detecting BrdU incorporation under non-denaturating conditions. Both ssDNA formation foci (Extended Data Fig. 8b) and the formation of RPA foci (Extended Data Fig. 8c) depended on the presence of SAMHD1. Incidentally, we also observed a four-fold increase in BrdU-labeled cytosolic ssDNA in sh-SAM cells (Extended Data Fig. 8b, asterisks), consistent with the data shown in Figure 1a,b.

Since RPA recruits ATR to stalled forks, we next monitored the phosphorylation of the ATR targets CHK1 and H2AX in cells exposed either to HU or to CPT (Extended Data Fig. 8d,e).

Phosphorylation of both proteins was much reduced in sh-SAM cells when compared to control cells, indicating that activation of the ATR-CHK1 pathway depends on SAMHD1. CHK1 phosphorylation was restored upon complementation of sh-SAM cells with wild-type SAMHD1 (Extended Data Fig. 8d) or with the T592E and K312A mutants, but not with T592A and Y315A mutants, which are defective in fork resection (Extended Data Fig. 8e,f).

Moreover, the activation of CHK1 in Xenopus egg extracts treated with aphidicolin or DSBinducing agents was also inhibited in the absence of SAMHD1 or MRE11 activity (Fig. 4d and Extended Data Fig. 8i-k). We also found that SAMHD1 acts together with MRE11 for the restart of CPT-arrested forks (Extended data Fig. 8l). Together, these findings indicate a novel role for SAMHD1 in the activation of the ATR-CHK1 pathway and in fork restart.
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RECQ1 induces IFNs in sh-SAM cells

We hypothesized that the cytosolic ssDNA observed in sh-SAM cells might result from the displacement of nascent DNA by a helicase and cleavage by a flap endonuclease. To test this hypothesis, we depleted sh-SAM cells of BLM, WRN, RECQ1, DNA2 and CtIP (Extended Data Fig. 9a) and exposed them to HU. Depletion of RECQ1 and, to a lesser extent, DNA2 and CtIP resulted in a significant reduction in the cytosolic ssDNA seen in both HU-treated and untreated sh-SAM cells (Fig. 4a and Extended Data Fig. 9b-e). RECQ1 depletion also reduced the expression of IFN genes in HL116 (Fig. 4b,c), HEK293T and HeLa cells (Extended Data Fig. 9f,g) and the degradation of IdU tracks (Extended Data Fig. 9h), suggesting that RECQ1 contributes to fork resection and is responsible for the observed cytosolic ssDNA. Levels of cytosolic ssDNA were also reduced by Mirin (Fig. 4a), suggesting that the endonuclease activity of MRE11 cleaves these displaced strands, releasing short ssDNA fragments, as it does at DSBs 33 .

To investigate further how cytosolic ssDNA is produced, sh-SAM cells were labeled with IdU before the addition of HU and with CldU during the HU arrest, and then released from HU in the presence of thymidine to chase CldU. Remarkably, both IdU-and CldU-labeled ssDNA were detected in the cytoplasm (Extended Data Fig. 10a,b), indicating that DNA synthesized both before and after replication fork stalling contributes to the cytosolic ssDNA seen in HUtreated cells (Extended Data Fig. 10c).

We conclude from our data that SAMHD1 functions during S phase at stalled DNA replication forks to activate the ATR-CHK1 pathway and to promote the resection of gapped or reversed forks by binding to and activating the MRE11 exonuclease. This function is independent of its previously described role in maintaining balanced dNTP pools, which is also important for faithful DNA replication [START_REF] Rentoft | ! Heterozygous! colon! cancer-associated! mutations! of! SAMHD1! have! functional!significance[END_REF][START_REF] Franzolin | ! The! deoxynucleotide! triphosphohydrolase! SAMHD1! is! a! major! regulator!of!DNA!precursor!pools!in!mammalian!cells[END_REF] . This novel role of SAMHD1 depends on its phosphorylation by S phase CDKs, which act as a switch to control its dNTPase-dependent and -independent functions.

In the absence of SAMHD1, ssDNA molecules are released from stalled replication forks and accumulate in the cytoplasm, where they activate the cGAS-STING pathway inducing expression of type I IFNs and other pro-inflammatory cytokine genes (Extended Data Fig. 10d).
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This is consistent with recent reports showing that DNA repair byproducts can also induce the production of type I IFNs [START_REF] Härtlova | !DNA!Damage!Primes!the!Type!I!Interferon!System!via!the!Cytosolic!DNA! Sensor!STING!to!Promote!Anti-Microbial!Innate!Immunity[END_REF][START_REF] Shen | !Genome-Derived!Cytosolic!DNA!Mediates!Type!I!Interferon-Dependent! Rejection!of!B!Cell!Lymphoma!Cells[END_REF][START_REF] Ho | !The!DNA!Structure-Specific!Endonuclease!MUS81!Mediates!DNA! Sensor! STING-Dependent! Host! Rejection! of! Prostate! Cancer! Cells[END_REF][37] . Mutations in SAMHD1 that prevent the degradation of nascent DNA at stalled forks increase cytosolic DNA, whereas mutations that affect the dNTPase activity of SAMHD1 do not, confirming thereby that defective fork processing and aberrant induction of the interferon pathway are directly linked. This mechanism is distinct from the induction of cGAS-STING by micronuclei recently reported in cells deficient for RNase H2, another gene frequently mutated in AGS 38,[START_REF] Bartsch | !Absence!of!RNase!H2!triggers!generation!of!immunogenic!micronuclei! removed!by!autophagy[END_REF] . Since replication stress contributes to cancer development 18 , our findings also shed new light on the mechanism by which SAMHD1 mutations might promote tumorigenesis.

!

Methods

Cell lines and cell culture

Human embryonic kidney (HEK) HEK293T cells (ATCC CRL-3216) and SAMHD1overexpressing HeLa cells [START_REF] Clifford | !SAMHD1!is!mutated!recurrently!in!chronic!lymphocytic!leukemia!and!is! involved!in!response!to!DNA!damage[END_REF] were cultured at 37 °C under 5% CO2 in DMEM supplemented with 10% fetal calf serum (FCS). Epstein-Barr virus-immortalized B cells from an AGS5-/patient were cultured in RMPI-1640 supplemented with 10% FCS. Reporter HL116 cells were cultured in DMEM supplemented with 10% FCS and ultra-glutamine under HAT selection [START_REF] Garcin | !High!efficiency!cell-specific!targeting!of!cytokine!activity[END_REF] .

Construction of SAMHD1 mutants

A SAMHD1 wild-type clone from Invitrogen (clone ID: IOH55544, sequence NM 015474.3) with a C-terminal FLAG and an HA tag was modified to produce a shRNA-resistant coding sequence. The DNA was amplified by PCR with the appropriate primers to create a SAMHD1 protein-coding sequence with an HA-tag fused to the second amino acid residue from the Nterminus and to restore the normal C-terminus. The PCR reaction also created a MluI site after the sequence encoding the protein C-terminus and an AgeI site followed by a Kozac sequence before the sequence encoding the protein N-terminus. The amplified DNA was cloned in p-TripZ (Thermo Scientific Open Biosystems) between AgeI and MluI. All mutations were created by using the QuickChange IIXL kit from Agilent. The complete SAMHD1-coding sequence was checked by sequencing for each mutant.

K312A: AAA to GCA Y315A: TAT to GCT T592A: ACA to GCA T592E: ACA to GAA HIV-1-derived lentiviral vectors were produced in HEK293T cells as previously described [START_REF] Lin | !Feline!immunodeficiency!virus!vectors!for!efficient!transduction!of!primary! human!synoviocytes:!application!to!an!original!model!of!rheumatoid!arthritis[END_REF] .

Detection of cytosolic ssDNA

Cells were treated with 4 mM HU for 2 hours, or untreated, as appropriate, and then incubated in fresh medium for 2 hours and fixed for 20 minutes with 80% methanol at -20°C. Coverslips were incubated with a mouse anti-ssDNA antibody (see Supplemental Information) overnight at 4 °C and with a secondary antibody conjugated to an Alexa Fluor dye for 1 hour at room temperature, followed by DAPI staining. Images were acquired by using a Zeiss ApoTome microscope and a LSM780 confocal microscope. For the detection of BrdU-labeled cytosolic DNA, cells were labeled for 2 hours with 10 mM BrdU prior to HU exposure and BrdU was
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detected with a rat anti-BrdU antibody without denaturation. The mean fluorescence intensity (MFI) of cytosolic ssDNA and BrdU was quantified with the CellProfiler software. Nuclei were segmented using DAPI signal and masked to quantify ssDNA and BrdU signals.

Quantification of cytosolic mitochondrial DNA

Cells growing on 100 mm coverslips were collected into 200 ml fractionation buffer (20 mM HEPES, pH 7.4, 10 mM KCl, 2 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT) and left on ice for 15 min. They were then lysed by passing cell suspensions 10 times through a 27 gauge needle attached to a 1 ml syringe and left on ice for a further 20 min. Cell lysates were centrifuged at 720 g for 5 min at 4°C. The supernatant was further centrifuged at 10,000 g for 5 min at 4°C to remove mitochondria. Cytosolic DNA was purified from the supernatant by using DNeasy Blood & Tissue kit (Qiagen) according to the manufacturer's instructions. The presence in the cytosolic fraction of the mitochondrial gene MT-CO1 encoding the Cytochrome C oxidase 1 (COX1) was quantified by qPCR using specific primers.

Analysis of interferon production

Cell culture media were collected 48 hours after transfection with various siRNAs. Reporter HL116 cells harboring a type-I IFN-inducible 6-16 promoter fused to the firefly luciferase gene 

Cell sorting

HEK293T cells expressing the Scramble-control shRNA (sh-Scr) were labeled with propidium iodide. Populations of G1, S and G2/M phase cells were sorted in a FACSAria sorter (Becton Dickinson, MRI facility).

Flow cytometry analysis of S phase progression

HEK293T cells transduced with lentiviral vectors expressing sh-Scr or sh-SAMHD1 (sh-SAM)

RNAs were pulse labeled with 10 mM EdU for 15 min and then chased with 100 mM thymidine for the indicated periods of time. After fixation with 1% formaldehyde for 30 min at room
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temperature, EdU incorporation was detected by using Click chemistry according to the manufacturer's instructions (Click-iT EdU Flow Cytometry Cell Proliferation Assay, Invitrogen). The cells were resuspended in PBS containing 1% (w/v) BSA, 2 mg/ml DAPI and 0.5 mg/ml RNase A for 30 min at room temperature and were analyzed in a MACSQuant flow cytometer (Miltenyi Biotec). The percentages of cells in G1, S and G2/M phases were quantified by using FlowJo single-cell analysis software (FlowJo, LLC).

Confocal microscopy of DNA replication foci

HeLa cells overexpressing HA-tagged SAMHD1 and GFP proteins were grown on coverslips.

They were labeled for 1 h with 10 µM EdU then fixed with 1% paraformaldehyde (PFA) and permeabilized with 0.1% saponin. Coverslips were then incubated overnight at 4°C with an anti-HA antibody. Replication foci were detected by using Click chemistry, as for flow cytometry analysis. The cell nuclei were stained with DAPI and the coverslips were then mounted on glass slides and visualized by using a Zeiss LSM780 confocal microscope. The percentage of HA-EdU foci colocalization was quantified by ImageJ-JACoP (imagej.nih.gov/ij/plugins/track/jacop.html).

iPOND

Logarithmically growing HeLa S3 cells (1 x 10 6 per ml) or HEK293FT cells were incubated with 10 mM EdU for 10 min. Following EdU labeling, cells were fixed in 1% formaldehyde, quenched by adding glycine to a final concentration of 0.125 M and washed three times in PBS.

Collected cell pellets were frozen at -80°C and cells were permeabilized by resuspending 1.0-1.5 x 10 7 cells per ml in ice-cold 0.25 % Triton X-100 in PBS and incubating for 30 min. Before the Click reaction, samples were washed once in PBS containing 0.5% BSA and once in PBS.

Cells were incubated for 1 h at room temperature in Click reaction buffer containing 10 μM azide-PEG(3+3)-S-S-biotin conjugate (Click ChemistryTools, cat. no AZ112-25), 10 mM sodium ascorbate, and 1.5 mM CuSO4 in PBS. The 'no Click' reaction contained DMSO instead of biotin-azide. Following the Click reaction, cells were washed once in PBS containing 0.5% BSA and once in PBS. Cells were resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 1% SDS) containing protease inhibitor cocktail (Sigma) and sonicated with a Diagenode

Bioruptor Plus for 40 cycles (30 sec on/30 sec off). Samples were centrifuged at 14,500 × g at 4°C for 30 min and the supernatant was diluted 1:3 with TNT buffer (50 mM Tris pH 7.5, 200 mM NaCl, 0.3% Triton X-100) containing protease inhibitors. An aliquot was taken as an input sample. Streptavidin-agarose beads (Novagen) were washed three times in TNT buffer
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containing protease inhibitor cocktail. Two hundred microliters of bead slurry were used per 1x 10 8 cells. The streptavidin-agarose beads were resuspended 1:1 in TNT buffer containing protease inhibitors and added to the samples, which were then incubated at 4°C for 16 h in the dark. Following binding, the beads were washed twice with 1 ml TNT buffer, twice with TNT buffer containing 1M NaCl and twice with TNT buffer. Protein-DNA complexes were eluted by incubating with 5 mM DTT in TNT buffer. Cross-links were reversed by incubating samples in SDS sample buffer at 95°C for 20 min. Proteins were resolved on SDS-PAGE and detected by immunoblotting using specific antibodies.

DNA fiber spreading

DNA fiber spreading was performed as described previously 42 . Briefly, subconfluent cells were sequentially labeled first with 10 µM 5-iodo-2'-deoxyuridine (IdU) and then with 100 µM 5chloro-2'-deoxyuridine (CldU) for the indicated times. One thousand cells were loaded onto a glass slide (StarFrost) and lysed with spreading buffer (200 mM Tris-HCl pH 7.5, 50 mM EDTA, 0.5% SDS) by gently stirring with a pipette tip. The slides were tilted slightly and the surface tension of the drops was disrupted with a pipette tip. The drops were allowed to run down the slides slowly, then air dried, fixed in methanol/acetic acid 3:1 for 10 minutes, and allowed to dry. Glass slides were processed for immunostaining with mouse anti-BrdU to detect IdU, rat anti-BrdU to detect CldU, mouse anti-ssDNA antibodies (see Supplemental Information for details) and corresponding secondary antibodies conjugated to various Alexa Fluor dyes. Nascent DNA fibers were visualized by using immunofluorescence microscopy (Leica DM6000 or Zeiss ApoTome). The acquired DNA fiber images were analyzed by using MetaMorph Microscopy Automation and Image Analysis Software (Molecular Devices) and statistical analysis was performed with GraphPad Prism (GraphPad Software). The lengths of at least 150 IdU and/or CldU tracks were measured per sample.

Single-molecule analysis of resection tracks (SMART)

Control (sh-Scr) and SAMHD1-depeleted (sh-SAM) HEK293T cells were labeled with 10 µM BrdU for 24 h. They were then treated with 5µM bleocin (Calbiochem) for 1 h and harvested at the indicated time points. They were processed for DNA fiber spreading as described. BrdU tracks were stained with anti-BrdU antibody without DNA denaturation and visualized by fluorescence microscopy (Zeiss ApoTome). The acquired DNA fiber images were analyzed by using MetaMorph Microscopy Automation and Image Analysis Software (Molecular Devices)
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and statistical analysis was performed with GraphPad Prism (GraphPad Software). The lengths of at least 200 BrdU tracks were measured per sample.

Single-strand annealing (SSA) assay

Seven hours after plating in six-well plates (1 × 10 5 cells/well), U2OS-SSA cells were transfected with siRNAs against SAMHD1 or CtIP, or with control siRNAs (see Supplemental 

Collection and processing of HEK293T cells for nucleotide pool measurements

Three 150 x 20 mm cell culture dishes were seeded with (8 x 10 6 ) HEK293T cells and grown to 80% confluency. After removal of the medium, the plates were washed twice with cold NaCl (9 g/l). The cells were scraped with a cell scraper after addition of 250 µl of cold 15% TCA containing 30 mM MgCl2 to each of the three plates and they were pooled together. The pooled cells were collected in an Eppendorf tube and snap-frozen in liquid nitrogen. They were store at -80°C until processed. For extraction of dNTPs and NTPs, cells were thawed on ice and vortex-mixed for 10 min in a cold room. The supernatant was then collected by centrifugation at 14,000 × g for 5 min at 4°C and processed as described [START_REF] Jia | !in!DNA Replication: Methods and Protocols!!!(eds!Sonya!Vengrova!&!Jacob!Dalgaard)!!113-121![END_REF] .

Detection of ssDNA, RPA and MRE11 foci

Cells growing on coverslips were labeled with 10 mM BrdU for 24 h. They were treated with 1 mM HU for 2 h after the removal of BrdU and fixed with ice-cold methanol for 1 h at -20°C.

The coverslips were incubated with an anti-BrdU monoclonal antibody (without DNA denaturation) overnight at 4°C and then with a secondary antibody conjugated to an Alexa Fluor dye for 1 h at room temperature, followed by DAPI staining. Images were acquired by using a wide-field Leica DM6000 microscope and a Zeiss LSM780 confocal microscope. The number of subnuclear ssDNA foci was quantified by using CellProfiler image analysis software. For detection of chromatin-bound RPA foci during S phase, cells growing on
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coverslips were pulse labeled with 10 mM EdU for 10 min and treated with 4 mM HU for 2 h.

They were fixed with 4% PFA in PBS for 15 min and then incubated for 3 min at 4°C with CSK buffer (10 mM PIPES pH 6.8, 100 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 300 mM sucrose, 0.5 mM DTT) containing 0.25% Triton X-100 and phosphatase inhibitor cocktail (SIGMA-ADRICH, # P0044). EdU incorporation was detected by using Click chemistry and then blocked with 3% BSA in PBS for 1 h at room temperature. The coverslips were incubated with an anti-RPA antibody (overnight at 4°C) and then with a secondary antibody conjugated to an Alexa Fluor dye for 1 h at 37°C, followed by DAPI staining. Images were acquired by using a Zeiss ApoTome microscope. The mean fluorescence intensity (MFI) in EdU-positive cells was quantified by using CellProfiler (www.cellprofiler.org). For the detection of MRE11 foci, cells seeded on coverslips were labeled with EdU and treated with or without HU as described above. They were incubated in cold extraction buffer (20 mM HEPES pH7.5, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 0.5% Triton X-100) for 5 min at 4°C and then fixed in fixation buffer (3.7% PFA, 2% sucrose, 0.5% Triton X-100) for 20 min at room temperature.

The coverslips were incubated with an anti-MRE11 antibody overnight at 4°C after blocking in PBS containing 1% BSA in PBS for 1 h at room temperature. After incubation with a secondary antibody conjugated to Alexa Fluor dye, EdU incorporation was detected by using 

Production of anti-xSAMHD1 antibody

For antibody production, the recombinant His-xSAMHD1 was purified, as described above, but size exclusion chromatography was performed in phosphate-buffered saline. This preparation was supplied to BioGenes GmbH who immunised rabbits and prepared the antiserum. The antibody was affinity purified from the antiserum by binding to recombinant His-xSAMHD1 by the Cogentech service of the IFOM protein facility.

Preparation of interphase Xenopus egg extracts and treatments

Xenopus egg extracts were prepared as described [START_REF] Sannino | Methods in Enzymology![END_REF] . The DNA damage response and DNA replication were analyzed as previously described [START_REF] Sannino | Methods in Enzymology![END_REF]46 . To induce DNA double-strand breaks, we added 0.05 U/μl EcoRI (New England Biolabs) to the extracts. To slow or stall replication forks, we added aphidicolin (Sigma) to the extracts at the concentrations indicated in the main text. Then, 300 μl of clarified extract and 100 μl anti-FLAG M2 resin slurry (Sigma) were incubated in the presence, or not, of recombinant His-FLAG-xSAMHD1 at 0.1 mg/ml. The final reaction volume was adjusted to 1.5 ml with buffer containing 100 mM KCl, 50 mM HEPES pH 7.0, 5 mM MgCl2, 2 mM DTT, 20 % sucrose, 0.05 % Triton X-100 and incubated overnight at 4°C.

Immunodepletion of xSAMHD1 in Xenopus egg extracts

The resin was washed 5 times in the same buffer and boiled in Laemmli buffer (Biorad).

Samples were loaded on SDS-PAGE and analysed by WB. 

Immunoprecipitation of xSAMHD1 from nuclear lysates

Biotin-dUTP pulldown of nascent chromatin

Biotin-dUTP pulldown was performed as previously described [START_REF] Kolinjivadi | ! Smarcal1-Mediated! Fork! Reversal! Triggers! Mre11-Dependent! Degradation! of! Nascent! DNA! in! the! Absence! of! Brca2! and! Stable! Rad51! Nucleofilaments[END_REF] 

Protein purification

10xHis-SAMHD1 was overexpressed from pET19b as previously described [START_REF] Hansen | !GTP!activator!and!dNTP!substrates! of!HIV-1!restriction!factor!SAMHD1!generate!a!long-lived!activated!state[END_REF] . All purification steps were carried out at 4°C. The cell pellet was resuspended and lysed in lysis buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 1 mM β-mercaptoethanol, 1 mM EDTA, protease inhibitors) and centrifuged for 1 h at 35 000 g. Soluble extract was incubated with pre-equilibrated Ni-NTA agarose resin (Qiagen) for 2 h with continuous mixing. The resin was washed with buffer T (20 mM Tris-HCl pH 7.5, 10% glycerol, 1 mM EDTA) and bound protein was eluted with a gradient of 100-500 mM imidazole in buffer T. The eluted fractions were diluted in buffer T, loaded onto a 1 ml SourceS column and the protein was eluted with a 10 ml gradient of 100-700 mM KCl in buffer T. The peak fractions were stored in small aliquots at -80°C.

MRE11-6xHis and yMRE11 were purified from Sf9 insect cells or yeast cells, respectively, as described previously [START_REF] Zadorozhny | !Fanconi-Anemia-Associated!Mutations!Destabilize!RAD51!Filaments! and!Impair!Replication!Fork!Protection[END_REF] . DNA2 was purified from Sf9 cells as described previously [START_REF] Pinto | Human! DNA2! possesses! a! cryptic! DNA! unwinding! activity! that! functionally! integrates! with! BLM! or! WRN! helicases[END_REF] and FEN1

was expressed and purified by the same protocol as described for yFEN1 [START_REF] Matulova | ! Cooperativity! of! Mus81•Mms4! with! Rad54! in! the! Resolution! of! Recombination! and! Replication! Intermediates[END_REF] . Bacterial ExoIII was purchased from Thermo Fisher Scientific (#EN0191).

Nuclease assays

Fluorescently labeled DNA substrates used for nuclease assays were prepared by annealing as described elsewhere [START_REF] Marini | cells!transfected!with!siRNA!against!SAMHD1!were!measured!by! qRT-PCR! 48! h! post-transfection.! Mean! values! and! SD! for! three![END_REF] . The concentrations of SAMHD1 indicated in the main text were preincubated for 5 min at 37°C with MRE11 (4 nM) or yMRE11 (4 nM) followed by addition of a DNA substrate and incubation in buffer P (40 mM KCl, 10 mM TRIS-HCl (pH 7.5), 1 mM DTT, 10 μg/ml BSA) in the presence of 2 mM dGTPs, 2 mM MnCl2 and 2 mM MgCl2 for 50 min at 37°C. The reaction mixtures were then incubated with 0.1% SDS and 500 μg/ml
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proteinase K at 37°C for 20 min, heat-denatured, the DNA was resolved on 20% denaturing PAGE gels (acrylamide:bisacrylamide, 19:1) and scanned by using a Fuji FLA 9000 imager.

Where indicated, gels were quantified using Multi Gauge V3.2 software (Fuji).

For nuclease assays with DNA2, reactions were carried out as for MRE11 and yMRE11 but using 0.4 nM DNA2 in buffer P containing 2 mM ATP, 2 mM MgCl2 and 2 mM dGTPs. Assays of FEN1 (1 nM) and ExoIII (20 μU/μl) were carried out in buffer P containing 2 mM MgCl2 and 2 mM dGTPs.

Electrophoretic mobility shift assays

Fluorescently labeled DNA substrates were prepared as for the nuclease assays [START_REF] Marini | cells!transfected!with!siRNA!against!SAMHD1!were!measured!by! qRT-PCR! 48! h! post-transfection.! Mean! values! and! SD! for! three![END_REF] . SAMDH1

was incubated with fluorescently labeled DNA substrate for 10 min at 37°C in the presence of 30 mM KCl, 10 mM TRIS-HCl pH 7.5, 1 mM DTT, 2 mM MgCl2. Protein-DNA complexes were crosslinked by incubation with 0.01% glutaraldehyde for 5 min at 37˚C and resolved on 0.8% agarose gels. The gels were scanned by using a Fuji FLA 9000 imager and quantified using Multi Gauge V3.2 software (Fuji).

Microscale thermophoresis

For MRE11-SAMHD1 interaction measurements, MRE11 was fluorescently labeled by using Biology!212,!399-408,!(2016). 
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 !123456789101112 Figure 1 Hematopoietic immune cells: Pluripotent hematopoietic stem cells differentiate into multipotent progenitors, then lymphoid and myeloid stem cells. Lymphoid progenitors generate B and T lymphocytes and NK cells. The myeloid progenitor give rise to the granulocyte lineage (neutrophils, basophils, eosinophils), macrophages. Lastly, dendritic cells may arise from both lymphoid and myeloid progenitors. Simplified model of hematopoiesis modified from King! &! Goodell,!2011.

FigureFigure 15 Figure 16

 1516 Figure 15 Fork structures generated during replication stress and mechanisms for their recovery: (a) Simplified representation of a functional eukaryotic replication fork. (b) Some lesions that only affect leading-strand DNA polymerases trigger a functional uncoupling between the CMG helicase and the polymerases. Accumulation of ssDNA generates a structure with internal gaps. (c) Other obstacles can affect the replisome entirely, thereby inducing fork stalling. (d) If stalled forks are not properly processed, they may be cleaved by structure-specific endonucleases. Encounter with DNA damage such as ssDNA gaps may also generate such broken forks. (e) Forks unable to restart eventually collapse: they are irreversibly inactivated. (f) Arrested replication fork may be rescued by a converging fork.(g)-(h) gapped fork may bypass the lesion using transletion synthesis (g) orrepriming after the lesion (h).(i) Stalled replication forks may be reversed by specific translocases.(j) If they have been cleaved, stalled forks can also be repaired by homologous recombination mechanisms such as BIR. Modified from(Pasero!&!Vindigni,!2017) 

Figure 17

 17 Figure 17 Reversed fork restart: Two mechanisms of reversed fork resolution have been identified, one dependent on the RECQ1 helicase, the other on DNA2/WRN. (a) RecQ1 restarts reversed forks thanks to its ATPase and branch migration activities. (b) Alternatively, limited DNA degradation by DNA2 assisted by the WRN helicase promotes (c) the recognition of the reversed fork by branchmigration factors or the formation of a pseudo Holliday junction subsequently resolved by, for example, Mus81. Modified from(Berti!&!Vindigni,!2016) 

Figure 18 Figure 19 Figure 20 Figure 21 Figure 22 Figure 23

 181920212223 Figure 18 Role of resection in fork restart and repair: The nucleases depicted here are informative as other enzymes can also act at these structures (a) MRE11, CtIP, DNA2 and EXO1 degrade parental and nascent DNA at forks with one-ended DSBs to promote the loading of the recombinase RAD51. (b) At reversed forks, the recruitment of the recombinase is allowed by DNA2dependent resection assisted by WRN. (c) The MRE11 nuclease acts at gapped forks to generate ssDNA needed for Rad51-mediated repair of the forks. Modified from Pasero!&!Vindigni,!2017.
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 24253262728293031 Figure 24 ATR-mediated regulation of origin firing: a) Right: Phosphorylation events catalyzed by DDK and CDK promote the recruitment of replication initiation factors such as CDC45 to activate the replicative helicase. Left: activated ATR regulates origin firing through different pathways. First, phosphorylation of the MLL complex promotes its association with chromatin where it methylates histone H3 Lys4 to block CDC45 loading. Second, activated CHK1 negatively regulates CDK and the initiation factor treslin. b) Upon fork arrest, nearby replication origins fire to help complete DNA synthesis. Simultaneously, the firing of late origins is inhibited to prevent RPA and dNTPs exhaustion.Modified from(Saldivar!et!al.,!2017) 

Figure 1

 1 Figure 1 SAMHD1 prevents accumulation of cytosolic ssDNA and induction of type I IFNs in response to replication stress. a,!Cytosolic!DNA!(red)!in!control!(sh-Scr)!and!SAMHD1-depleted! (sh-SAM)!HEK293T!cells!exposed!for!2!hours!to!4!mM!HU.!b,!Mean!fluorescence!intensity!(MFI)! of!cytosolic!ssDNA!per!cell!(n=300).!c,!Expression!of!IFN!and!TNF-a!mRNAs!in!sh-Scr!and!sh-SAM! HEK293T!cells!(mean!and!SD!of!three!independent!experiments).!d,!Induction!of!IFN!and!TNF-a! mRNAs! in! sh-Scr! and! sh-SAM! HEK293T! cells! exposed! to! HU! as! in! part! (a).! Mean! and! SD! correspond!to!technical!triplicates,!representative!of!three!independent!experiments.!e,!Cytosolic! DNA! and! BrdU-labeled! DNA! in! sh-SAM! HEK293T! cells! incubated! with! BrdU! for! 2! hours! then! without! BrdU! and! in! the! presence! of! 4! mM! HU! for! 2! hours! (n=3).! f,! Expression! of! interferoninduced!genes!ISG15!and!Mx1!in!cGAS-KO!(cGAS),!STING-KO!(STING)!and!control!(Ctrl)!SAMHD1depleted!HeLa!cells.!Mean!and!SD!of!three!independent!experiments!are!shown.!In!parts!(b-d)! and!(f),!****!P<0.0001,!**!P<0.01,!two-sided!Mann-Whitney!test.

Figure 2

 2 Figure 2 SAMHD1 colocalizes with replication foci and regulates fork progression. a,! Immunolocalization!of!HA-tagged!SAMHD1!(green)!and!EdU-labeled!replication!foci!(red)!in!HeLa! cells,! showing! their! colocalization! (merge)! in! a! DAPI-stained! nucleus! (blue;! n=2).! b,! iPOND! analysis! of! SAMHD1! and! PCNA! in! HEK293T! cells.! c,! DNA! fiber! analysis! of! CldU! track! lengths! (n=250)!in!sh-Scr!and!sh-SAM!HEK293T!cells.!d,!Intracellular!dNTP!pools!in!sh-Scr!and!sh-SAM! HEK293T! cells! (n=2).! e,! Lengths! of! CldU! tracks! (n=250)! after! addition! of! a! balanced! mix! of! nucleosides!(+dN)!2!hours!prior!to!IdU!and!CldU!labeling.!f,!Fork!progression!in!sh-SAM!HEK293T! cells! complemented! with! wild-type! SAMHD1! or! with! phosphomimetic! (+T592E)! or! nonphosphorylatable! (+T592A)! mutants! (n=200).! In! parts! (c,! e)!and! (f),!median! track! lengths! are! indicated!in!red.!****!P<0.0001;!ns!not!significant,!two-sided!Mann-Whitney!test.!!

Figure 3

 3 Figure 3 SAMHD1 promotes the MRE11-dependent degradation of nascent DNA at stalled forks. a,!sh-Scr!and!sh-SAM!HEK293T!cells!were!labeled!with!IdU!and!CldU!in!the!presence!of!4! mM!HU!and!in!the!presence!or!absence!of!50!mM!Mirin.!Median!IdU!track!lengths!(n=240)!are! indicated!in!red.!****!P<0.0001,!Mann-Whitney!test.!b,!Analysis!as!in!part!(a)!of!IdU!track!lengths! (n=180)! in! sh-SAM! HEK293T! cells! expressing! the! T592A! and! T592E! mutants! of! SAMHD1.! c,! Cytosolic! ssDNA! (red)! in! sh-SAM! HEK293T! cells! (n=200)! complemented! with! K312A,! Y315A,! T592A!and!T592E!mutants!and!exposed!for!2!hours!to!4!mM!HU.!Bar,!5!mm.!d,!Mean!fluorescence! intensity!(MFI)!of!cytosolic!ssDNA!per!cell!(n=200).!Relative!difference!to!sh-SAM:!****!P<0.0001;! *!P<0.05,!Mann-Whitney!test!e,!In!vitro!nuclease!assays!of!MRE11!in!the!absence!and!presence!of! increasing!concentrations!of!SAMHD1.!Mean!and!SD!are!from!three!independent!experiments.!f,! Representative!gel!as!in!part!(f).!

Figure 4

 4 Figure 4 Depletion of RECQ1 prevents the IFN response in SAMHD1-depleted cells. a,!Cytosolic! ssDNA!in!HU-treated!sh-SAM!HEK293T!cells!transfected!for!48!hours!with!siRNAs!against!WRN,! BLM,!RECQ1,!DNA2!and!CtIP!or!treated!with!Mirin!(n=200;!two!experiments).!b,!Induction!of!IFNs! (luciferase! assay)! in! HL116! cells! transfected! with! siRNAs! against! SAMHD1! (SAM),! RECQ1! (RECQ1)! or! both! (SAM! +! RECQ1),! or! with! a! control! scrambled! siRNA! (Scr;! n=3).! Data! are! representative!of!three!experiments.!c,!Total!mRNA!was!extracted!from!HL116!cells!after!siRNA! transfection!and!the!expression!of!IFN-a,!IFN-g,!TNF-a,!Mx1!and!ISG15!was!quantified!by!qRT-PCR!(n=3).!Error!bars:!SD!of!triplicates!from!representative!experiment

  [START_REF] Garcin | !High!efficiency!cell-specific!targeting!of!cytokine!activity[END_REF] were cultured for 48 hours in the presence of the collected culture media. Luciferase activity was quantified according to the manufacturer's instructions (Luciferase assay system, Promega). The expression of various IFNs and IFNs-Stimulated Genes (ISGs) was quantified by qRT-PCR (see Supplemental information) and normalized to GAPDH. Reverse transcription was performed by using the Superscript III First Synthesis System forRT-PCR (ref. 18080-051, Invitrogen). A LightCycler 480 SYBR Green I MasterMix (ref. 04887352001, Invitrogen) was used to perform quantitative PCR.

  Information for sequences) by using Interferin reagent (Polyplus, Ozyme). Forty-eight hours after siRNA transfection with siRNAs, HA-tagged I-SceI was expressed by transient transfection (JetPEI, Polyplus, Ozyme) with 1.5 mg of the expression plasmid pCMV-I-SceI 43 for DSB induction. Expression was verified by immunoblotting with an anti-HA antibody. Forty-eight hours after transfection with the construct expressing I-SceI, cells were fixed in PBS containing 2% formaldehyde for 15 min at room temperature. Cells expressing GFP were monitored by flow cytometry in a BD Accuri C6 flow cytometer.

  Click chemistry, followed by DAPI staining. Images were acquired by using a Zeiss LSM780 confocal microscope. The percentage of colocalized MRE11 and EdU foci was quantified by ImageJ-JACoP.Cloning and purification of recombinant Xenopus SAMHD1The reference sequence of Xenopus SAMHD1 (xSAMHD1), available from Uniprot, Q6INN8 (http://www.uniprot.org), is of 632 amino acids. Briefly, the cDNA encoding Xenopus laevis SAMHD1 (XGC SAMHD1, Clone ID 3402629, from Thermo Fisher Scientific) was cloned into the pET43 plasmid following standard methods. Clones were validated by PCR and DNA sequencing. Purification of recombinant xSAMHD1 (His-or His-FLAG-tagged) was performed in two steps after IPTG (0.5 mM) induction of the bacteria overnight at 23°C. The bacterial pellet was lysed in a buffer containing 500 mM NaCl, 50 mM Hepes pH 7.5, 2 mM beta-mercaptoethanol, 10% glycerol and protease inhibitors cocktail, then sonicated and clarified by centrifugation. The first purification step was performed by binding the recombinant xSAMHD1 to Ni-NTA resin (HisPur, Thermo Fisher Scientific) for 2 h at 4°C and eluting with 100 mM and 250 mM imidazole. After dialysis, the recombinant protein was further purified by size exclusion 116! ! chromatography (Superdex 200 10/300 GL, GE healthcare). For use in Xenopus egg extracts, both His-and His-FLAG-xSAMHD1 were purified in buffer containing 150 mM NaCl, 25 mM Tris-HCl pH 7.6, 1 mM DTT, 10% glycerol.

  To immuno-deplete xSAMHD1 fom Xenopus egg extracts, 0.3-0.5 ml of egg extract were incubated with affinity-purified IgGs(30 mg) and with 120 μl of Dynabeads-ProteinA (Thermo Fisher, 10002D). The immunodepletion was performed in three rounds of30-45 minutes at 4°C.of xSAMHD1 in Xenopus egg extractFor coimmunoprecipitation of xSAMHD1 with RPA70, 200 μl of Dynabeads-Protein A slurry were coupled with 60 μg of anti-xSAMHD1 purified serum or 50 μg of rabbit pre-immune serum (IgG control). The beads were then incubated with 500 μl of clarified Xenopus egg extract brought to a final volume of 1.5 ml with NIB buffer (50 mM KCl, 50 mM Hepes pH 7.0, 5 mM MgCl2, 2 mM DTT, 0.5 mM spermidine, 0.15 mM spermine, 20% sucrose, 0.05% Triton X-100). After 1 h at 4°C, a fraction of the unbound material, called 'flow-through' (FT), was recovered and boiled in Laemmli sample buffer (Biorad) for further analysis. Beads were washed 5 times in NIB buffer and boiled in Laemmli sample buffer before analysis by western blotting. For coimmunoprecipitation of xSAMHD1 with xCtIP, 100 μl Dynabeads-Protein A slurry were coupled to 30 μg of anti-xSAMHD1 (affinity purified serum) or 50 μg of pre-117! !immune serum (IgG control). The beads were then incubated with 300 μl of clarified Xenopus egg extract brought to a final volume of 1 ml with a buffer containing 100 mM KCl, 50 mM HEPES pH 7.0, 5 mM MgCl2, 2 mM DTT, 20 % sucrose, 0.05 % Triton X-100. After overnight incubation at 4°C, a fraction of the FT was recovered and boiled in Laemmli sample buffer for further analysis. Beads were washed 5 times in the IP buffer and boiled in Laemmli sample buffer before analysis by western blotting.Pulldown of recombinant His-FLAG-xSAMHD1 from Xenopus egg extractsXenopus egg extracts were first clarified by centrifugation at 15 000 rpm at 4°C for 20 min.

For

  each experimental condition, 400 μl Xenopus egg extract were incubated with 4000 nuclei/μl of demembranated Xenopus sperm nuclei and treated with or without 0.05 U/μl EcoRI or 20 μM aphidicolin. After 70 min of incubation at 23°C, the nuclei were recovered by centrifugation through a sucrose cushion and resuspended in EB (100 mM KCl; 50 mM Hepes pH 7.4, 2.5 mM MgCl2) containing 0.25% NP40. The chromatin was solubilized by digestion with benzonase nuclease (Sigma) for 20 min at room temperature, and then sonicated for 10 min (Bioruptor, Diagenode). The resulting nuclear fraction was immunoprecipitated by incubating for 3 h at 4°C with anti-xSAMHD1 or an IgG control (pre-immune serum) and Dynabeads-Protein A in a final volume of 1 ml adjusted with NIB buffer. The beads were then prepared for western blotting as described above.
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 13456893233343536 Figure 32 A model for the generation of DNA fragments in SAMHD1-depleted cells. Nascent DNA is successively labelled with IdU (red) and CldU (green). During the CldU labelling, cells are treated with HU, triggering fork arrest. (A) In wild-type cells, nascent DNA is degraded by MRE11dependent processes, allowing for a timely restart of the replication forks upon HU removal. (B) When SAMHD1 is depleted, arrested forks are not properly resected by MRE11. Upon HU removal, forks may slowly restart and DNA fragments been cleaved behind forks by the concerted activity of RecQ1 and endonucleases.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Figure 13 Regulation of dNTP production: Amounts and proportions of the dNTP pools required for

  DNA! polymerases! rely! on! the! availability! of! dNTPs! to! accurately! synthesize! DNA.! More! specifically,!sufficient!and!balanced!dNTP!pools!are!required!in!order!to!avoid!fork!stalling!and! maintain! the! fidelity! of! DNA! polymerases! (for! review:! Pai! &! Kearsey,! 2017;! Técher,!

	dNTP pools
	Koundrioukoff,!Nicolas,!&!Debatisse,!2017).!This!is!obtained!by!two!mechanisms!(see!Figure!13).!
	First,!synthesis!of!dNTPs!by!the!ribonucleotide!reductase!(RNR)!enzyme!is!important!to!supply!
	nucleotides!during!S!phase.!Various!regulatory!pathways!allow!for!a!timely!biosynthesis!of!the!
	nucleotides,!including!the!activation!and!increased!expression!of!the!RNR.!Second,!dNTPs!levels!
	must! be! accurately! regulated! during! the! G1! phase.! An! active! dNTP! degradation! pathway! is!
	mediated!by!the!dNTPase!SAMHD1!whose!activity!maintains!low!levels!of!dNTPs!outside!of!S-!
	! phase.!Depletion!of!SAMHD1!in!mammalian!cells!increases!the!dNTP!pools!and!perturbs!cell!cycle! ! Figure 14
	progression!(Franzolin!et!al.,!2013).!Upon!loss!of!SAMHD1,!non-transformed!cycling!fibroblasts!
	accumulate!in!G1!and!do!not!enter!S!phase!until!SAMHD1!protein!levels!are!restored.!SAMHD1!
	regulates!not!only!the!size!but!also!the!proportions!of!individual!dNTP!pools.!Indeed,!SAMHD1! !
	deficiency! primarily! affects! its! preferred! substrate,! dGTP,! which!is! normally! the! smallest! pool!
	(Franzolin! et! al.,! 2013).! Consequently,! both! nucleotides! catabolism! during! G1! and! synthesis!
	during!the!S!phase!are!essential!for!DNA!replication.!
	dNTP!biosynthesis!is!performed!and!controlled!by!several!dozen!proteins!(for!review:!Aye,!Li,!
	Long,! &! Weiss,! 2014;! Mathews,! 2015).! The! RNR! enzyme! catalyzes! a! rate-limiting! step! in!
	nucleotide! biosynthesis:! the! reduction! of! a! ribonucleoside! diphosphate! (NDP)! to! produce! the! Modified from (Franzolin!et!al.,!2013)
	corresponding!deoxy-NDP!(dNDP).!dNDPs!are!subsequently!phosphorylated!by!the!nucleoside! ! !
	diphosphate!kinase!to!generate!dNTPs.!Meanwhile,!ribonucleotides!are!produced!through!two!
	pathways:! de novo! synthesis! and! a! salvage! pathway.! De novo! synthesis! involves! the! stepwise!
	assembly! of! purine! and! pyrimidine! rings,! while! salvage! pathways! engages! nucleobases! and!
	nucleosides!arising!from!nucleic!acids!degradation.!
	In!mammalian!cells,!RNR!consists!of!two!subunits:!either!RRM1!working!together!with!RRM2!or!
	RRM1!associated!with!P53R2.!All!these!RNR!subunits!are!constitutively!located!in!the!cytoplasm!
	where!they!produce!dNTPs!that!diffuse!into!the!nucleus!(G.!Pontarin!et!al.,!2008).!
	39! 42!
	! !

DNA replication are regulated both by synthetic and catabolic processes. Synthesis occurs by either de novo synthesis or salvage pathways mediated by deoxy-nucleoside kinases. dNTP catabolism is either directly mediated by the nuclear triphospho-hydrolase SAMHD1, or via a stepwise pathway ending with the action of 5'-deoxynucleotidases and phosphorylases deaminases.

Oncogne activation causes replicative stress and genomic instability: Oncogene activation

  

	CFS!may!arise!as!a!result!of!mitotic!entry!prior!to!the!completion!of!replication!in!late-replicating!
	regions.!These!regions!are!highly!sensitive!to!even!mild!levels!of!replication!stress.!Several!factors!
	predispose! CFS! to! instability,! including! delayed! replication! completion,! non-canonical DNA
	structures, origin!shortage!and!collision!between!replication!and!transcription!complexes!along!
	large! genomic! regions! (for! review:! Irony-Tur! Sinai! &! Kerem,! 2017;! Le! Tallec! et! al.,! 2014).!
	Correspondingly,!CFS!are!located!within!long!genes!(from!0.5!Mb!to!several!mega!bases!in!length)!
	in!regions!replicated!very!late!during!S!phase.!In!addition,!CFS-containing!regions!harbor!a!very!
	low! density! of! replication! origins,! suggesting! that! rescue! of! arrested! forks! by! new! initiation!
	events!is!limited!in!these!regions!(Le!Tallec!et!al.,!2011;!Letessier!et!al.,!2011). This!shortage!of!
	origin!firing!implies!that!neighboring!forks!have!to!travel!long!distances!and!may!not!be!able!to!
	complete!replication!before!mitosis. Moreover,!the!occurrence!of!breaks!at!these!loci!correlates!
	with! gene! transcription (Helmrich! et! al.,! 2011). This! observation! indicates! that,! during! their!
	course,! replication! forks! likely! encounter! transcription! machineries! operating! at! large! genes!
	located!within!these!regions.!The!generation!of!breaks!at!CFS!may!be!favored!both!by!the!low!
	density!of!replication!origins!and!the!presence!of!large!genes!at!these!chromosomal!regions.!
	!! !	
	!	! IV-Stalled fork processing
	Initially!thought!to!be!detrimental!for!cell!survival!(Schlacher!et!al.,!2011),!fork!remodeling!is!now!
	acknowledged!as!essential!to!warrant!resumption!of!DNA!synthesis!in!case!of!replication!stress!
	(Pasero!&!Vindigni,!2017).!In!this!manuscript,!"remodeling"!refers!to!the!three!processes!that!can!
	occur!at!stalled!replication!forks,!involving!DNA!strand!separation/annealing,!degradation,!and!
	breakage.!These!are,!respectively,!fork!reversal,!processing!and!cleavage.!If!properly!controlled,!
	limited!degradation!of!DNA!at!stalled!forks,!also!known!as!fork!resection!or!processing,!might!
	also!be!important!for!checkpoint!activation.!These!processes!are!presented!in!the!present!section.!
	!	
		1. Structures generated

can interfere both with replication initiation and elongation, leading to hyper-activation and/or paucity of initiation events as well as fork stalling. Deregulated replication generates DNA damage. Dark grey boxes are manifestations of deregulated replication, light grey boxes are the potential outcomes of origin deregulation. Modified from (Sarni!&!Kerem,!2017)

  .!This!study!reported!that!although!RecQ1!is!essential!for!fork!restart,!unscheduled!RecQ1dependent!fork!reversion!may!be!a!source!of!DNA!damage.!In!fact,!PARP1!transiently!inhibits!the! activity!of!RecQ1!until!the!lesion!is!repaired!or!the!source!of!replication!stress!is!removed.!!

	Second,! stalled! forks! that! have! been! regressed! may! instead! restart! after! being! processed! by!
	nucleases.!!
	For! instance,! the! group! of! Alessandro! Vindigni! demonstrated! that! in! U2OS! cells! DNA2,! in!
	cooperation!with!the!RecQ-like!helicase!WRN,!resects!reversed!replication!forks!in!the!5'!to!3'!
	direction.!This!process!was!negatively!regulated!by!RecQ1!(Thangavel!et!al.,!2015).!Nucleolytic!
	degradation!of!the!nascent!regressed!strand!by!DNA2!results!in!a!3'!overhang!that!mediates!the!
	reestablishment!of!an!active!fork.!Restart!of!a!degraded!reversed!fork!may!proceed!through!two!
	pathways.!
	An! HR-like! mechanism! where! the! 3'! overhang! might! be! coated! by! the! RAD51! recombinase! to!
	invade! donor! sequences! ahead! of! the! reversed! fork! (Peterman,! 2010).! This! process! creates! a!
	Holliday! junction! that! needs! to! be! resolved! by! resolvases! or! the! combined! action! of! the! BLM!
	helicase!with!the!type!I!topoisomerase!TOP3.!Alternatively,!the!3'!tail!generated!by!DNA2/WRN-
	dependent!resection!of!the!reversed!arm!may!be!recognized!by!a!motor!protein,!for!example,!the!
	SMARCAL1!translocase,!that!drives!fork!reversion!and!reestablishment!of!a!functional!replication!
	fork!

  . Briefly, Xenopus sperm nuclei were added to 100 μl Xenopus egg extracts at a final concentration of 4000 nuclei/μl. Forty-five minutes after sperm nuclei addition, newly synthesized DNA in the extracts was labeled with 40 μM Biotin-16-dUTP (Roche) in the presence of either 5 μM aphidicolin or DMSO as control for 10 min. DNA replication was stopped by the addition of 200 μl cold EB-EDTA buffer (50 mM HEPES-KOH pH 7.5, 100 mM KCl, 2.5 mM MgCl2, 1 mM EDTA). Bioruptor device set to maximum power. After the sonication step, 20 μl from each sample were set aside (5% Input). Biotinylated DNA fragments were then pulled-down by incubation with 40 μl Dynabeads M-280 Streptavidin for 1 h at 4°C. The beads were then washed three times in EB-EDTA buffer and boiled with 30 μl of 1x denaturing loading buffer, and the entire volume was separated by SDS-PAGE and analyzed by western blotting.

	Samples were homogenized by using a cut Eppendorf p1000 pipette tip and overlaid on 600 μl
	EB-EDTA buffer containing 30% w/v sucrose. Nuclei were collected by centrifugation at 8
	300 g at 4°C, the nuclear pellets were resuspended in 400 μl EB-NP40 buffer (50 mM HEPES-
	KOH pH 7.5, 100 mM KCl, 2.5 mM MgCl2, 0.25% NP40) and then subjected twice to 10 min
	sonication with a
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  Sannino,!V.,!Soffientini,!P.,!Bachi,!A.!&!Costanzo,!V.!Centromeric!DNA!replication! reconstitution!reveals!DNA!loops!and!ATR!checkpoint!suppression.!Nature Cell Biology!18,!684,! Baer,!R.,!Gottesman,!M.!&!Gautier,!J.!MRN,!CtIP,!and!BRCA1!mediate!repair!of! topoisomerase!II-DNA!adducts.!The Journal of Cell

	Supplemental information Antibodies used in human cells Antibodies used in Xenopus extracts Antibody Source Anti-Xenopus This study (Biogenes) siRNAs siRNA name orientation Primer sequences primer name orientation 52! Aze,!A.,!(2016).	Identifier BioGenes siRNA sequences 5' to 3' orientation Dilution Serum 1/500 Primer sequences 5' to 3' orientation
	Antibody Mouse anti-BrdU clone B44 SAMHD1 (affinity purified Rabbit serum) Anti-Xenopus Pol a p180 (Mouse Described in 28 Catalog No. 347580, BD Biosciences #25130 Abmart: clone 13026-1-3/C199 si-Ctrl sense UUCUCCGAACGUGUCACGUTT Dilution 1/100 1/1000 antisense Reverse GGCATGGACTGTGGTCATGAG ACGUGACACGUUCGGAGAATT GAPDH Forward TGCACCACCAACTGCTTAGC 53! Aparicio,!T.,!
	Rat anti-BrdU clone BU1/75 anti-BrdU for ssDNA foci monoclonal) Anti-Orc1 (Mouse monoclonal) Described in 52 ABC117-7513, Eurobio Abcys 347580, BD Biosciences -si-RAD51 sense GAAGCUAUGUUCGCCAUUA 1/100 1/20 Forward GTGAGGAAATACTTCCAAAGAATCAC 1/5000 Anti-xMre11 (Rabbit Kindly provided by Jean -1/3000 antisense IFN-a UAAUGGCGAACAUAGCUUCTT Reverse TCTCATGATTTCTGCTCTGACAA
	anti-ssDNA anti-pCHK1 (S345) polyclonal) si-MRE11 Anti-xRPA70 (Rabbit sense Gautier, Forward MAB3868, Millipore 2348, Cell signaling Columbia GAUGCCAUUGAGGAAUAAG 1/250 AGCTGAAGCAGTTCCAGAAG University, described in 53 polyclonal) Kindly provided by Jean Gautier, Columbia -1/5000 antisense IFN-b CUUAUUCCUCAAUGGCAUCTT Reverse AGTCTCATTCCAGCCAGTGC 1/1000 anti-pCHK2 (T68) 2661, Cell signaling 1/1000 anti-g-H2AX (S139) 05-636, Millipore University, described in 53 Anti-xCtIP (Mouse monoclonal) Kindly provided by Jean Gautier, Columbia -si-Non-target sense AUGAACGUGAAUUGCUCAA Forward GTGGTGCTGGTGACTTTGG 1/30 antisense IFN-g UUGAGCAAUUCACGUUCAUTT Reverse CTCCTGTGGTGACAGAGATTTG University, described in 54 1/1000 anti-SAMHD1 A303-691A, Bethyl 1/5000 anti-pSAMHD1 (T592) Cribier et.al. 2013 1/500 Anti-xATR Described in 52 -1/1000 Anti-xATM Described in 52 -si-CtIP sense GCUAAAACAGGAACGAAUC Forward CCTCTCTCTAATCAGCCCTCTG 1/1000 Anti-ATM pSerine 1981 Rockland 200-301-400 1/1000 antisense TNF-a GAUUCGUUCCUGUUUUAGCTT Reverse GAGGACCTGGGAGTAGATGAG Immunochemicals Anti-Phospho-CHK1 Cell Signaling mAb #2348 1/500 si-RECQ1 siRNA-SMART pool #4390824, ID 5965, Forward ATGAGCTAATCACCCTGGAG
	Monolith Protein Labeling Kit RED-MALEIMIDE (Cysteine Reactive) according to the anti-HA Clone3F10, Roche 1/300 (Ser345) (133D3) Anti-CHK1 (G-4) Santa Cruz sc-8408 1/500 Mx1 ThermoFisher Scientific Reverse ATACCCAATGTCAGCAGGC
	manufacturer's protocol. Measurements were performed with 8 nM labeled MRE11 and the anti-actin A4700, Sigma 1/500 Anti-Histone H2B Millipore clone 07-371; RRID: AB_310561 1/5000 Si-TREX1 TREX-1 siRNA pool sc-63157, Santa Cruz Forward CGCAGATCACCCAGAAGATCG
	indicated concentration of SAMHD1 in PBS containing 0.05% Tween. Thermophoresis was anti-RPA1 Ab79398 1/300 Anti-Mcm7 Santa Cruz sc-9966 1/5000 Anti-Rad51 (mouse Abcam clone ab123 1/1000 si-SAMHD1 SI04243673 ISG15 Qiagen Reverse TTCGTCGCATTTGTCCACCA performed on a Monolith NT.115 (NanoTemper Technologies GmbH) set at 50% LED and 80% MST power at 25°C and with 5 s and 30 s laser off and on times, respectively. For RPA-anti-RECQ1 A300-450A, Bethyl 1/5000 monoclonal) Anti-phospho-Histone Millipore clone JBW301 1/1000 si-STING sense GGUCAUAUUACAUCGGACAtt Forward CATGGGCTGGCATGGTCATA
	SAMHD1 interaction measurements, 10xHis-SAMHD1 was labeled by using the Monolith anti-cGAS 15102, Cell Signaling Technology 1/1000 H2A.X (Ser139) antisense STING UAUCCGAUGUAAUAUGACCat Reverse His-Tag Labeling Kit RED-tris-NTA according to the manufacturer's protocol. The anti-IRF3 4302, Cell Signaling Technology 1/1000 si-cGAS sense CCUUCUCUCACAUCGAAAAtt Forward CCCCGATATGGCGTTTCC thermophoresis measurements were performed with 50 nM SAMHD1 and increasing concentration of RPA in PBS containing 0.05% Tween and 2 mM MgCl2 a Monolith NT.115 anti-TBP 8515, Cell Signaling Technology 1/1000 antisense MT-CO1 (COX1) UUUUCGAUGUGAGAGAAGGat Reverse GTTCAACCTGTTCCTGCTCC
	set at 40% LED and 80% MST power at 25°C and with 5 s and 30 s laser off and on times, si-IFR3 sense AACUCAUCCAGAAUGUCUUCCUGGG !
	respectively. Data were analyzed by using MO.Affinity Analysis Software version 2.2.4
	(NanoTemper Technologies GmbH). antisense ! !	CCCAGGAAGACAUUCUGGAUGAGUU
	123!	
	!	

Acknowledgements Acknowledgments

We thank Nadine Laguette, Gilles Uzé, Frank van Kuppeveld and Soren Paludan for reagents and cell lines. We also thank Julien Cau and the MRI Imaging facility for help with image analysis and the DNA combing facility of Montpellier for silanized coverslips. We thank Angelos Constantinou, Domenico Maiorano, Benjamin Pardo, Maria Moriel-Carretero and Hélène Tourrière for discussions and Carol Featherstone of Plume Scientific Communication Services SAS for professional editing. This work was supported by grants from the Agence Nationale pour la Recherche (ANR) and Institut National du Cancer (INCa) to PP and BL, the Ligue Contre le Cancer (équipe labellisée), Canceropole Grand Sud-ouest and SIRIC Montpellier Cancer to PP and the MSDAvenir fund to PP and MB. Work in WN's laboratory is supported by funding from the Medical Research Council. Work in AC's laboratory is supported by the Swedish Cancer Society and the Swedish Research Council. Work in LK's laboratory is supported by the Czech Science Foundation grants [GACR 17-17720S and 13-26629S] and project no. LQ1605 from the National Program of Sustainability II (MEYS CR). MJS was supported by fellowships from CNRS, Region LR and Fondation ARC. FC is supported by a fellowship from the French MRES and from FRM. This work was also funded by the Associazione Italiana per Ricerca sul Cancro (AIRC), the European Research Council (ERC) Consolidator Grant 614541, an Armenise-Harvard Foundation career development award and an AICR Worldwide Cancer Research award (13-0026) to VC.

!thankful!to!the!French!Fondation!pour!la!Recherche!Strand!Break! dsDNA:!double-stranded!DNA! EEPD1:!endonuclease/exonuclease/phosphatase!family!domain!containing!1!protein!! ETAA1:!Ewing!tumor!-associated!antigen!1!! EXO1:!Exonuclease!1! FANCD2:!Fanconi!anemia!complementation!group!D2! FEN1:!Flap!structure-specific!endonuclease!1! GINS:!Go,!Ichi,!Nii,!and!San;!five,!one,!two,!and!three!in!Japanese! HIN:!hematopoietic!interferon-inducible!nuclear!proteins!with!a!200-amino!acid!repeat! HU:!hydroxyurea!! 4! ! !Toll-Like!Receptor! TLS:!Translesion!Synthesis!! TNF-#:!Tumor!Necrosis!Factor! TopBP1:!Topoisomerase!II!binding!protein!I! TREX1:!Three-prime!repair!exonuclease!1!! WRN:!Werner!syndrome!ATP-dependent!helicase!! ! ! 6! ! Preamble

Author Contributions