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Abstract

:

Genotoxic stress triggers a combined action of DNA repair and cell cycle checkpoint pathways. Protein phosphatase 2C delta (referred to as WIP1) is involved in timely inactivation of DNA damage response by suppressing function of p53 and other targets at chromatin. Here we show that WIP1 promotes DNA repair through homologous recombination. Loss or inhibition of WIP1 delayed disappearance of the ionizing radiation-induced 53BP1 foci in S/G2 cells and promoted cell death. We identify breast cancer associated protein 1 (BRCA1) as interactor and substrate of WIP1 and demonstrate that WIP1 activity is needed for correct dynamics of BRCA1 recruitment to chromatin flanking the DNA lesion. In addition, WIP1 dephosphorylates 53BP1 at Threonine 543 that was previously implicated in mediating interaction with RIF1. Finally, we report that inhibition of WIP1 allowed accumulation of DNA damage in S/G2 cells and increased sensitivity of cancer cells to a poly-(ADP-ribose) polymerase inhibitor olaparib. We propose that inhibition of WIP1 may increase sensitivity of BRCA1-proficient cancer cells to olaparib.
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1. Introduction


Cells are constantly challenged with DNA damage that comes both from endogenous and exogenous sources. The most deleterious type of DNA damage is double strand breaks (DSBs) that affect both strands of DNA and if not repaired correctly could lead to chromosomal rearrangements. DSBs are repaired by two major pathways—homologous recombination (HR) and non-homologous end joining (NHEJ). NHEJ operates throughout the cell cycle and results in ligation of two ends of DNA that are not extensively processed [1]. HR is restricted to S and G2 phases of the cell cycle as the homologous sequence required as template for repair usually comes from the sister chromatid and the whole process depends on activity of cyclin-dependent kinases [1,2]. Formation of DSBs triggers a highly organized network of protein phosphorylation mediated by PI3-like kinases ATM, ATR and DNA-PK; and ubiquitination mediated by ubiquitin ligases RNF8 and RNF168 [3,4]. DSBs are recognized by either DNA-PK to allow NHEJ or MRE11-RAD50-NBS1 (MRN) complex that starts the process of DNA end resection to allow HR. After initial incision, exonuclease activity of MRE11 removes the DNA towards DSB ends that is followed by long-range resection mediated by Exo1 and DNA2 [2,5]. Resection generates long stretches of single-stranded DNA (ssDNA) that are immediately bound by replication protein A (RPA) that protects it from nucleolytic cleavage [6]. ssDNA-RPA facilitates activation of ATR kinase that further supports repair by HR [7]. In the next step, RPA is exchanged for RAD51 in process mediated by PALB2-BRCA2 that is recruited to sites of damage by BRCA1 or in case of BRCA1 haploinsufficiency by RNF168 [8,9]. RAD51 nucleofilament is stabilized by BRCA1-BARD1 complex and invades the sister chromatid to search for homology that is facilitated by RAD54 [10]. Once homologous sequence is found, DNA is extended using sister chromatid as template. The second end of DNA is eventually captured forming a double holiday junction that is resolved or dissolved yielding either non-crossovers or crossovers.



Two major factors involved in repair pathway choice are TP53-binding protein 1 (53BP1) and Breast cancer type 1 susceptibility protein (BRCA1) [11,12]. BRCA1 association with DSBs is mediated by its interactors RAP80 and BARD1 that mediate binding of the complex to the ubiquitinated histone H2A and histone H4 non-methylated at lysine 20 (H4K20me0), respectively [13,14]. 53BP1 is recruited to DSBs by its BRCT domains that bind phosphorylated histone H2AX (γH2AX), by UDR domain that recognizes histone H2A ubiquitinated at lysine 13/15 by RNF168, and by Tudor domains that recognize dimethylated lysine 20 at histone H4 [14,15,16,17]. After ATM-mediated phosphorylation of 53BP1 on multiple SQ/TQ sites (including Threonine 543), Rap1-interacting factor 1 homolog (RIF1) binds 53BP1 through its Heat repeats and restricts DNA end resection [18,19,20]. Binding of BRCA1 and 53BP1 is not exclusive as in S and G2 phases of the cell cycle BRCA1 can be present at the same DSB as 53BP1. 53BP1 is repositioned from the end of DSB by T543 dephosphorylation mediated by PP4C that is brought to the site by BRCA1 and disrupts interaction between 53BP1 and RIF1 [21]. In addition, BRCA1-BARD1 complex promotes 53BP1 repositioning by ubiquitination of the C-terminal lysines of histone H2A and recruitment of a chromatin remodeler SMARCAD1 [22].



Mutations in BRCA1 and other DNA repair genes are common cause of cancer but deficient HR can be also exploited as target for cancer therapy [23]. Inhibition of poly-(ADP-ribose) polymerase (PARP), a key enzyme in base excision repair, efficiently kills cancer cells with defective HR and PARP inhibitors (including olaparib) are now used for treatment of BRCA1/2-deficient breast and ovary cancer [24]. Combinations of PARPi with other drugs are now being intensively investigated to prevent development of resistance to PARPi and to extend their use beyond the BRCA1/2 negative tumors [24,25,26,27,28,29].



WIP1 is a monomeric magnesium-dependent, chromatin-bound phosphatase encoded by PPM1D gene and its expression is increasing towards the G2 phase of the cell cycle [30,31,32]. WIP1 terminates the DNA damage response by dephosphorylation of γH2AX, ATM pS1981 and KAP1 pS824 and promotes release from the cell cycle checkpoint by dephosphorylation of p53 pS15 [30,33,34,35,36,37]. PPM1D locus is amplified in about 10% of breast cancers, in medulloblastoma and ovary cancer [38,39,40]. Importantly, PPM1D amplifications occur mostly in tumors harboring wild-type p53 [38,41]. Activity of WIP1 can be specifically inhibited by a small-molecule compound GSK2830371 and WIP1 was proposed as perspective pharmacological target particularly in p53-proficient cancers [42,43,44,45,46].



Here we report a novel role of WIP1 in DSB repair through HR. We find that WIP1 stably interacts with BRCA1-BARD1 complex and inhibition of WIP1 delays recruitment of BRCA1 to DSBs. Consistent with WIP1 function in HR, inhibition of WIP1 leads to accumulation of DNA damage in S/G2 cells and sensitizes cancer cells to olaparib. Thus, inhibition of WIP1 may promote efficiency of PARP inhibitors in tumors with normal BRCA1 function.




2. Results


2.1. WIP1 Promotes DSB Repair by Homologous Recombination


WIP1 phosphatase was shown to counteract ATM kinase activity at chromatin to terminate DNA damage response and to facilitate recovery form the G2 checkpoint [30,34,35]. In addition, overexpression of WIP1 affects DSB repair efficiency through dephosphorylation of γH2AX leading to disruption of DDR signaling [30,47]. To evaluate the role of WIP1 in more physiological condition we used different established cell based reporter assays together with a recently described specific WIP1 inhibitor GSK2830371 [42,44]. To this end we generated stable Traffic light reporter cell lines in U2OS and RPE that allowed us to analyze the overall repair efficiency as well as the ratio of repair efficiency by homologous recombination (GFP+) and non-homologous end joining (RFP+) (Figure S1A) [48]. As expected, inhibition of DNA-PK increased the HR/NHEJ ratio reflecting its essential role in NHEJ (Figure S1B). Conversely, inhibition of ATM decreased the HR/NHEJ ratio which is consistent with involvement of ATM in mediating DNA resection (Figure S1B) [49]. Interestingly, inhibition of WIP1 lowered DSB repair efficiency by homologous recombination while NHEJ was not affected and thus decreased the HR/NHEJ ratio in two independent clones of both U2OS and RPE cells (Figure 1A–D). To further confirm this phenotype, we used established U2OS DR-GFP and E5J reporter cell lines and consistently we observed decreased HR efficiency after inhibition of WIP1 (Figure S1C) [50].



Next, we employed CRISPR/Cas9 technology and generated WIP1 knockout U2OS and RPE cell lines (Figure S1D,E) and tested their sensitivity to gamma irradiation (IR). As reported previously, U2OS-WIP1 knockout cells were more sensitive to IR and their sensitivity was comparable to WIP1 inhibition (Figure 1E,G) [44]. Importantly, increased sensitivity was partially rescued by complementation of knockout cells with wild-type WIP1 but not catalytically inactive mutant D314A (Figure S1F,G). Treatment of cells by topoisomerase I inhibitor camptothecin was shown to induce DNA damage that is repaired by HR [51]. Both RPE and U2OS WIP1 knockout cell lines were found to be more sensitive to camptothecin treatment to similar extent as after WIP1 inhibition (Figure 1F,H). Decreased cell proliferation after inhibition of WIP1 was accompanied by increased cell death after IR or camptothecin treatment (Figure 1I). Consistent with potential role of WIP1 in HR, U2OS-WIP1-KO cells were more sensitive to DNA crosslinking agent mitomycin C (Figure S1H).



Next, we followed DSB repair kinetics in parental U2OS or U2OS-WIP1-KO cells by quantifying 53BP1 foci formation and disassembly after exposure to IR. Interestingly, knockout or inhibition of WIP1 lead to persistence of 53BP1 foci mainly in cells that were in S-phase (EdU+, Figure 2A, and Figure S2A) at time of irradiation and to lesser extent in cells irradiated in G1 or G2 phases of the cell cycle (EdU-, Figure 2B and Figure S2A). Persistence of 53BP1 foci was fully rescued in WIP1 knockout cells complemented with the wild-type WIP1 but not with D314A mutant (Figure 2C,D and Figure S2B). Moreover, persistence of 53BP1 foci in cells irradiated in S-phase was recapitulated in MCF7 cells treated with WIP1 inhibitor (Figure S3A–C).



DNA repair pathway choice is controlled by a balance between 53BP1 and BRCA1 at DNA double strand breaks that have opposing effects on DNA end resection [11,19]. To evaluate possible impact of WIP1 on these proteins, we employed the Traffic light reporter assay and depleted 53BP1/RIF1 and/or BRCA1/BARD1 using siRNA in combination with WIP1 inhibition. As expected, depletion of BRCA1 or BARD1 decreased HR frequency, whereas depletion of 53BP1 or RIF1 increased the HR/NHEJ ratio [19,48,52,53]. Importantly, HR was not further decreased upon WIP1 inhibition in BRCA1 and BARD1-depleted cells (Figure 2E–G and Figure S1I). In contrast, increased HR observed in 53BP1 and RIF1-depleted cells was reduced back to normal after inhibition of WIP1 (Figure 2E–G). Combined these data suggest that WIP1 may promote HR through regulation of BRCA1/BARD1 complex.




2.2. WIP1 Interacts with BRCA1 and Promotes its Recruitment to DSBs


To investigate the impact of WIP1 on BRCA1, we first performed a set of immunoprecipitation assays. We observed that WIP1 co-immunoprecipitated with BRCA1 and BARD1 in non-treated HEK293 and U2OS cells suggesting that WIP1 forms a stable interaction with BRCA1-BARD1 complex (Figure 3A–C). BRCA1 and BARD1 were previously reported to be extensively phosphorylated by ATM/ATR after DNA damage [54,55,56,57,58]. To determine BRCA1 phosphorylation after DNA damage we validated the phosphospecific BRCA1-pS1524 antibody for both immunofluorescence and Western blotting (Figure S4A–D). As expected, total intensity of BRCA1-pS1524 at chromatin was increased in response to IR in both S and G2 cells whereas RNAi-mediated depletion of BRCA1 reduced the signal to the basal level (Figure S4A,B). Next, we performed in vitro phosphatase assay and established that recombinant His-WIP1 was able to dephosphorylate BRCA1 S1524 with a comparable efficiency to other substrates including ATM S1981, KAP1 S824 and p53 S15 (Figure S4E). In addition, purified WIP1 dephosphorylated BRCA1 S1524 in the presence of ATM inhibitor and also in fixed cells indicating that removal of the signal was not caused by modulation of ATM activity (Figure S4J,K). Interestingly, basal BRCA1 phosphorylation at S1524 was increased in WIP1 knockout cells and there was no further increase in BRCA1-pS1524 signal after IR compared to untreated condition (Figure 3D,E and Figure S5A). Similar effect was observed in MCF7 cells treated with WIP1 inhibitor confirming that WIP1 dephosphorylates BRCA1 not only after IR but also in unchallenged conditions (Figure 3F). Next, we assayed the recruitment of BRCA1 to the foci formed in S phase cells after exposure to IR. We observed delayed formation of BRCA1 foci in early time-points in WIP1 knockout cell line that could be rescued by complementation with the wild-type WIP1 but not with inactive D314A mutant (Figure 3G and Figure S5B). Combined these data indicate that WIP1 forms a stable complex with BRCA1-BARD1 and its activity is needed for timely recruitment of BRCA1 to DSBs.




2.3. WIP1 Dephosphorylates 53BP1 at T543 Residue Needed for Interaction with RIF1


Next, we aimed to test possible impact of WIP1 on 53BP1. Using immunoprecipitation, we found that WIP1 interacted with 53BP1 (Figure 4A). However, in contrast to the stable interaction with BRCA1, we observed increased interaction between WIP1 and 53BP1 after exposure to ionizing radiation (Figure 4B). BRCA1 was recently implicated in 53BP1 repositioning after IR by mediating 53BP1 dephosphorylation at threonine 543 and releasing its interaction with RIF1 [21]. Using siRNA of 53BP1 we validated the specificity of the pT543 53BP1 antibody for immunofluorescence and Western Blotting (Figure S4F–H). In addition, we found that WIP1 efficiently dephosphorylated 53BP1 at T543 in vitro (Figure S4I–K). Whereas PP4C was originally reported to mediate pT543 dephosphorylation [21], we noted a significant increase of 53BP1 phosphorylation at T543 in WIP1 knockout cell line in response to IR by immunofluorescence and in cells treated with WIP1 inhibitor by immunoblotting (Figure 4C,D and Figure S6). Partial overlap in substrate specificity between PP4C and WIP1 has previously been reported for other substrates including γH2AX and KAP1 [30,35,59,60] and similarly both phosphatases may collaborate to control the phosphorylation status of 53BP1. Indeed, at later time-points after IR we observed a more pronounced 53BP1 T543 phosphorylation after combining depletion of PP4C and knockout of WIP1 (Figure 4E).



As WIP1 interacts with and dephosphorylates BRCA1 and 53BP1, we aimed to evaluate its role in DNA resection that is controlled by the balance between BRCA1 and 53BP1 at DSBs. Surprisingly, we did not observe any difference in formation of RPA2 foci in S-phase cells after inhibition of WIP1 (Figure 4F). Similarly, formation of RAD51 filament was largely unaffected in early time-points after irradiation (Figure 4G) suggesting that WIP1 does not influence DNA end resection.




2.4. WIP1 Deficient Cells are Sensitive to PARP Inhibition in BRCA1 Dependent Manner


Mutations in BRCA1/2 that impair HR are commonly found in breast and ovarian cancers and increase sensitivity to PARP inhibitors. Since inhibition of WIP1 impaired HR, we tested if WIP1 deficiency would lead to sensitization of cells to PARP inhibitors. Indeed, we found that U2OS WIP1 knockout cell lines were more sensitive to olaparib (Figure 5A). Importantly, WIP1 inhibition decreased cell proliferation to the similar extent as the knockout cell lines (Figure 5A) and loss of WIP1 could be rescued by complementation with the wild-type WIP1 but not catalytically inactive D314A mutant (Figure 5B). Decreased cell proliferation after combined treatment with WIP1 inhibitor and olaparib was associated with increased cell death in U2OS cells (Figure 5C). Moreover, similar increase in sensitivity to olaparib and another PARPi A-966492 [61] was observed after inhibition of WIP1 in MCF7 and RPE cell lines (Figure 5D, Figure S7A). Combined depletion of PP4C and inhibition of WIP1 further increased sensitivity of cells to olaparib, suggesting that both phosphatases may target similar substrates involved in regulation of HR (Figure 5E).



WIP1 inhibition increased the number of 53BP1 foci in U2OS and MCF7 cells in response to PARP inhibition (Figure 5F, Figure S7B,C) and was accompanied by increased γH2AX intensity suggesting that DNA lesions accumulate after the combined treatment (Figure S7D,E). The increase of 53BP1 foci number was observed mainly in S/G2 phases of the cell cycle which is consistent with accumulation of DNA damage due to failed HR (Figure S7F,G). Importantly, accumulation of 53BP1 foci in S/G2 cells was rescued by complementation with the wild-type WIP1 but not catalytically inactive D314A mutant (Figure 5G).



Next, we analyzed the response of U2OS and WIP1 knockout cells to olaparib treatment. As expected, treatment of U2OS cells with olaparib induced CHK1 and RPA2 phosphorylation after 24 h and was followed by a slight increase of γH2AX and p21 levels after 2–3 days (Figure 5H). In contrast, treatment of U2OS WIP1 knockout cells with olaparib lead to additional increase of H2AX and RPA2 phosphorylation accompanied by a strong induction of p21 protein levels which is consistent with an increased load of DNA damage leading to a profound activation of the cell cycle checkpoint (Figure 5H). Indeed, we found that cells treated with a combination of olaparib and WIP1 inhibitor accumulated in the G2 (Figure S7F). Cells that entered mitosis in the presence of olaparib and WIP1 inhibitor showed increased frequency of abnormal anaphases likely reflecting a presence of unrepaired DNA (data not shown). To test if the sensitivity of U2OS WIP1 knockout cells to PARP inhibitors is due to the increased activation of the cell cycle checkpoint mediated by p21, we generated p21 knockout cell line (Figure S7H). Interestingly, the effect of WIP1 inhibition was found to be p21 independent in cell survival assays (Figure S7I). Moreover, inhibition of WIP1 further increased the number of 53BP1 foci induced by olaparib in p21 deficient U2OS cells (Figure S7J). We conclude that the increased sensitivity of cells observed after combined treatment with WIP1 and PARP inhibitors is not caused by a stronger activation of the cell cycle checkpoint caused by inhibition of WIP1. To test whether the increased load of DNA damage after combined inhibition of PARP and WIP1 was BRCA1 dependent, we depleted MCF7 cells of BRCA1 using siRNA and analyzed number of 53BP1 foci in S/G2 phases of cell cycle. Indeed, we found that depletion of BRCA1 is epistatic with inhibition of WIP1 after olaparib treatment (Figure 5I).





3. Discussion


WIP1 phosphatase prevents induction of senescence in cells exposed to genotoxic stress and promotes recovery from the G2 checkpoint through targeting the p53 pathway and a nuclear co-repressor KAP1 [35,36,62]. In addition to this established role in checkpoint silencing, WIP1 was also reported to impact on the nucleotide and base excision repair pathways by targeting XPA and UNG2 at chromatin [63,64]. Here we identified a novel role of WIP1 in promoting repair of DSBs through HR in S/G2 cells. Using two distinct reporter assays we showed that HR (but not NHEJ) efficiency was decreased upon inhibition of WIP1. This was accompanied by a delayed clearance of the 53BP1 foci indicating the persistent DNA damage in S/G2 cells lacking WIP1. We found that WIP1 interacted with and dephosphorylated BRCA1 whereas loss of WIP1 delayed recruitment of BRCA1 to the DSBs. Loss of WIP1 delayed dephosphorylation of 53BP1 at a residue previously reported to mediate interaction with RIF1 and promote chromatin remodeling. Although we observed a higher impact on T543 53BP1 phosphorylation by inhibiting WIP1 than by depletion of PP4C that was previously reported to target 53BP1, we failed to detect any significant difference in the DNA resection upon inhibition of WIP1. It is plausible that WIP1 affects 53BP1 repositioning only in a small but physiologically meaningful fraction of DNA lesions depending on the context of the chromatin. Alternatively, WIP1 may fine-tune HR through additional substrates involved in the late steps of HR. One of the candidates is the BRCA1-BARD1 complex that is phosphorylated at multiple sites by ATM/ATR, stably interacts with WIP1 and was recently shown to be important for invasion step of HR [10]. Accumulation of 53BP1 foci in G2 cells caused by a combined treatment with olaparib and WIP1 inhibitor was independent on the ability of cells to activate the cell cycle checkpoint. However, we cannot exclude that WIP1 modulates HR also through inhibition of p53 that was previously shown to directly interact with RAD51 and RAD54 and to suppress RAD51 expression [65,66,67]. The precise molecular mechanism of WIP1 function in HR will need to be addressed by future research.



PARP inhibitors are currently approved for treatment of BRCA1/2-deficient tumors and new drug combinations are under investigation. Consistent with the WIP1 role in HR, we observed that loss of WIP1 promoted sensitivity of cancer cells to PARP inhibitors. Combined treatment with olaparib and WIP1 inhibitor increased the DNA damage load in G2 cells and significantly increased cell death. In contrast to other phosphatases, WIP1 activity can be specifically suppressed by a specific inhibitor GSK2830371 and WIP1 inhibition is well tolerated in normal cells. Based on the newly identified role of WIP1 in HR, we propose WIP1 phosphatase as potential pharmacological target in BRCA1-proficient tumors (Figure 6). Inhibition of WIP1 was previously reported to be efficient mainly in p53-proficient cancer types including neuroblastoma, breast adenocarcinoma and melanoma [44,68,69,70]. We hypothesize that inhibition of HR and stimulation of the p53 response could synergize to eradicate the cancer cells treated with WIP1 inhibitors.




4. Material and Methods


4.1. Cell Lines


All cell lines used were maintained in DMEM containing 6% FBS, Penicillin (100 U/mL) and Streptomycin (0.1 mg/mL). All cell lines were regularly checked for mycoplasma contamination and were confirmed as negative. U2OS-WIP1-KO cells were described previously [44] and here were stably complemented by transfection of EGFP-WIP1-wt or EGFP-WIP1-D314A followed by three weeks selection by zeocin and expansion of individual GFP+ clones. WIP1 knockout in RPE cells was generated by transfection of pCMV-CAS9-2A-GFP (Sigma-Aldrich, St. Louis, MO, USA) carrying gRNA sequence tgagcgtcttctccgaccaggg, followed by sorting of single GFP+ cells 48 h after transfection to 96-well plate. Loss of WIP1 was validated by Western blotting in single clones. Knockout of CDKN1A/p21 in U2OS cells was generated using CRISPR-Cas9 and HDR reporter vector (Santa Cruz Biotechnology, Dallas, TX, USA) as described [44]. Cells were sorted as GFP+/RFP+ 48 h after plasmid transfection as single cells to 96-well plate and knockout was validated by Western blotting in single clones. Traffic light reporter cell lines were generated by transfection of linearized pCVL Traffic Light Reporter 1.1 Ef1a Puro plasmid (Addgene, Watertown, MA, USA, Plasmid #31482) [48] to U2OS or RPE cells using polyethylenimine. Single clones were picked after selection with puromycin for three weeks. Integration of the reporter was confirmed using ISceI with BFP-donor plasmid transfection by FACS. Silencer Select siRNA was transfected at 5 nM final concentration using RNAiMAX using manufacturer’s guidelines (Thermo Fisher Scientific, Waltham, MA, USA). Where indicated, cells grown on culture plates were exposed to the indicated dose of ionizing radiation generated by X-RAD 225XL instrument with Cu filter 0.5 mm (Precision X-Ray, North Branford, CT, USA).




4.2. Antibodies and Chemicals


Following antibodies were used: WIP1 antibody (clone F-10, sc-376257), p21 (sc-397), p53 (clone D01, sc-126), BRCA1 (sc-6954), rabbit-53BP1 (sc-22760), RAD51 (sc-6862) and TFIIH (sc-293, used as loading control) from Santa Cruz Biotechnology (Dallas, TX, USA); phoshpo-Thr543-53BP1 (#3428), phospho-S15-p53 (#9284) from Cell Signaling Technology (Danvers, MA, USA); RPA2 (clone 9H8, ab2175), and phospho-Ser1524-BRCA1 (ab2401) from Abcam (Cambridge, UK), γH2AX (05-636), and mouse monoclonal 53BP1 (MAB3802) from Merck Millipore (Burlington, MA, USA); phospho-S824-KAP1 (GTX63711), KAP1 (GTX62973) and PP4C (GTX114659) from Genetex (Irvine, CA, USA); secondary Alexa Fluor conjugated antibodies from Thermo Fisher Scientific (Waltham, MA, USA). WIP1 inhibitor GSK2830371 (here referred to as WIP1i and used at 0.5 μM unless stated otherwise), olaparib and camptothecin (all Medchemexpress, New York, NJ, USA) and mitomycin C (Santa Cruz Biotechnology, Dallas, TX, USA) were dissolved in DMSO and used at indicated concentrations.




4.3. Immunoprecipitation


HEK293 or U2OS-WIP1-KO cells were transfected with GFP-WIP1 plasmid using polyethylenimine. Cells treated as indicated were extracted in lysis buffer [50 mM Tris pH 8.0, 120 mM NaCl, 1% Tween-20, 0.1% NP-40, 1.0% glycerol, 2 mM EDTA, 3 mM EGTA, 10 mM MgCl2, complete protease and phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO, USA)] supplemented with benzonase (100 U/mL), briefly sonicated and EtBr (50 μg/mL) was added before centrifugation 30 min 4 °C at 20,000 g. GFP-Trap beads (Chromotek, Planegg, Germany) were added to lysate for 1 h before washing 4× with lysis buffer. Alternatively, endogenous WIP1 was immunoprecipitated from U2OS cells by a rabbit affinity-purified antibody generated against human WIP1 and immobilized on protein A/G UltraLink resin (Thermo Fisher Scientific, Waltham, MA, USA). Bound proteins were eluted with 2× loading buffer and analyzed by Western Blotting.




4.4. Immunofluorescence


Cells were seeded on coverslips one day before treatment. Where indicated, cells were pre-extracted 5 min on ice before fixation. Cells were fixed with 4% PFA 15 min RT. Cells were permeabilized using 0.5% Triton-X100 in PBS 5 min and blocked in 1% BSA for 30 min. Where indicated, cells were pulse labeled with EdU 30 min before irradiation and click reaction was performed before primary antibody incubation in 0.1 M Tris pH 8.5, 0.1 M sodium ascorbate, 2 mM CuSO4 and 10 μM AlexaFluor 647 azide (Thermo Fisher Scientific, Waltham, MA, USA) for 30 min at RT. Coverslips were incubated with primary antibodies for 2 h in RT, washed 3× in PBS, incubated with secondary antibody for 1 h in RT, washed 3× in PBS, stained with DAPI in PBS for 2 min, washed in dH2O and dried before mounting with Vectashield. Images were acquired using Olympus ScanR system equipped with 40×/1.3 UPLFN or 40×/0.9 objective (Olympus, Tokyo, Japan). Nuclei were segmented based on DAPI intensity and foci were identified using Spot detection module. Total and mean intensities of staining per nucleus were determined. FlowJo v10.6.1 software (TreeStar, Ashland, OR, USA) was used to determine of intensity or foci number in particular cell population.




4.5. Flow Cytometry


For cell cycle analysis, cells were incubated with EdU 30 min before harvesting by trypsinization and fixation in 70% EtOH. Cells were permeabilized with 0.5% Triton-X100 in PBS 15 min RT, washed in BSA, click reaction was performed before incubation with primary and secondary antibodies. DAPI was added in final concentration of 5 μg/mL in PBS. Percentage of dead cells was determined 3 days after treatment using Hoechst33258 [71]. To analyze repair efficiency by DR-GFP and EJ assays, cells were pretreated 15 min with WIP1i before ISceI transfection using PEI. Percentage of GFP+ cells was determined 3 days after transfection. For traffic light reporter, cells stably expressing Traffic light reporter 1.1 were seeded at 20,000/well one day before transfection with 5 nM siRNA for 2 days. WIP1i was added 15 min before transfection ISceI and pRRL-SFFV-d20GFP.T2A.mTagBFP Donor plasmid (Addgene, Watertown, MA, USA, ID 31485) [48]. Percentage of GFP and mCherry positive cells in BFP positive singlet cells were analyzed three days after ISceI transfection as described [48]. Data were acquired using BD LSRII flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and analyzed using FlowJo (TreeStar, Ashland, OR, USA).




4.6. Cell Survival Assays


Cells were seeded 1 day before treatment to 96 well plates at 50–500 cells per well, incubated seven days with treatment before resazurin was added in fresh media at final concentration 30 μg/mL [44]. Fluorescence at excitation wavelength 560 nm and emission 590 nm was measured using Envision plate reader (PerkinElmer, Waltham, MA, USA) after 2 h incubation.




4.7. Western Blot


Cells were lysed in 2× lysis buffer, sonicated and protein concentration was determined using BCA protein assay. A total of 20–50 μg lysate was resolved on SDS-PAGE, transferred to nitrocellulose membrane, blocked in 5% milk, incubated with primary and secondary antibodies and developed with ECL.




4.8. In Vitro Phosphatase Assay


U2OS-WIP1-KO cells were treated as indicated and nuclear extracts were prepared using hypotonic lysis as previously described [72]. Briefly, cells were washed with PBS, incubated in buffer A (10 mM HEPES-KOH (pH 7.9), 1 mM MgCl2, 2.5 mM KCl, 0.5 mM DTT) for 5 min, centrifuged, resuspended in buffer A containing EDTA-free protease and phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO, USA) and dounce homogenized using tight pestle on ice. Nuclei were spun down at 500 g 5 min 4 °C and extracted in buffer C (20 mM HEPES pH 7.9, 1.5 mM MgCl2, 0.2 mM EDTA, 25% glycerol, 0.5 mM DTT) supplemented with 600 mM KCl on ice for 15 min before centrifugation at max speed 15 min 4 °C. Supernatants were diluted with buffer C to final concentration 150 mM KCl, clarified by centrifugation max speed 15 min 4 °C and stored at −80 °C. For in vitro phosphatase assay 100 μg of nuclear extract was incubated with 250 ng of purified full-length His-WIP1 phosphatase 15 min at 37 °C [30]. Where indicated ATM (KU-55933, 100 μM) or DNA-PK (NU-7441, 50 μM) inhibitor were added into the phosphatase reaction. Reaction was stopped by addition of 4× sample buffer. Protein phosphorylation was determined using phospho-specific antibodies by Western blotting. Alternatively, U2OS cells grown on coverslips were exposed or not to 5 Gy of IR, fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 and in situ phosphatase assay using purified WIP1-His was performed as described previously [35]. Reaction was stopped by addition of 20 mM NaF and 20 mM β-glycerolphosphate in PBS, samples were stained with γH2AX, BRCA1 S1524 or 53BP1 T543 antibodies and total nuclear intensity was determined using Olympus ScanR.
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Figure 1. Inhibition of WIP1 impairs homologous recombination (HR). (A) Traffic light reporter assay in U2OS cells. Two independent stable cell lines (clones #10 and #12) were transfected with ISceI together with BFP-donor vector with or without pretreatment with 1 μM WIP1i. Efficiency of repair was analyzed 3 days after transfection by FACS. Plotted is mean of normalized ratio of GFP+/RFP+ cells. Bars indicate SD, n ≥ 3. Statistical significance evaluated by two-tailed t-test. (B) Traffic light reporter assay in two independent clones of RPE cells (#3 and #4). Same as A. (C) Efficiency of repair by HR (GFP+) and NHEJ (RFP+) in TLR assay in U2OS cells from A. (D) Efficiency of repair by HR (GFP+) and NHEJ (RFP+) in TLR assay in RPE cells from B. (E) Cell survival after irradiation of parental U2OS and two independent U2OS-WIP1-KO cell lines treated or not with WIP1 inhibitor was evaluated after 7 days using resazurin viability assay. Plotted is mean and SD, n ≥ 3. Statistical significance evaluated by two-way ANOVA (* P < 0.05; *** P < 0.001). (F) Cell survival of parental U2OS and two independent U2OS-WIP1-KO cell lines treated with indicated doses of camptothecin with or without combined treatment with WIP1 inhibitor was evaluated after 7 days using resazurin viability assay. Plotted is mean and SD, n ≥ 3. Statistical significance evaluated by two-way ANOVA (* P < 0.05; *** P < 0.001). (G) Cell survival after irradiation of parental RPE and RPE-WIP1-KO cell lines assayed as in E. (H) Cell survival of parental RPE and RPE-WIP1-KO cell lines with treated with camptothecin and analyzed as in F. (I) Percentage of dead cells was evaluated by Hoechst 33258 staining and FACS analysis 7 days after treatment with camptothecin or after irradiation in U2OS cell line with or without combined treatment with WIP1i. Plotted is mean +/− SD. Statistical significance evaluated by two-tailed t-test. 
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Figure 2. WIP1 plays role in DNA double-strand break repair in S-phase cells. (A) Quantification of 53BP1 foci in replicating (EdU+) cells after irradiation. U2OS parental cell lines with or without combined treatment with WIP1i and two independent WIP1 knockout cell lines were pulse-labeled with EdU for 30 min before irradiation. Cells were fixed after pre-extraction at indicated time-points and stained with 53BP1 antibody. Click chemistry was used to visualize EdU. Mean of median foci number +/- SD is plotted (n ≥ 3). Statistical significance evaluated by two tailed t-test. (B) Quantification of 53BP1 foci in non-replicating (EdU-) cells after irradiation. As in A. (C) Quantification of 53BP1 foci in replicating (EdU+) cells after irradiation. U2OS parental, WIP1 knockout and cell lines complemented with wild-type or phosphatase-dead (D314A) mutant of WIP1 were irradiated and analyzed as in A. (D) Quantification of 53BP1 foci in non-replicating (EdU-) cells after irradiation. U2OS parental, WIP1 knockout and cell lines complemented with wild-type or phosphatase-dead (D314A) mutant of WIP1 were irradiated and analyzed as in A. (E) Traffic light reporter assay in U2OS cells after transfection with indicated siRNA. Cells were transfected with ISceI together with BFP-donor vector with or without pretreatment with 1 μM WIP1i 2 days after siRNA transfection. Efficiency of repair was analyzed by FACS 3 days after ISceI and BFP-donor transfection. Plotted is mean +/− SD. Statistical significance evaluated by two-tailed t-test. (F) Efficiency of repair by HR and NHEJ in Traffic light reporter assay as in E. (G) Representative plots from Traffic light reporter assay in E. 
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Figure 3. WIP1 interacts with BRCA1 and dephosphorylates S1524. (A) Co-immunoprecipitation of WIP1 and BRCA1. HEK293 cells were transfected with either empty GFP or GFP-WIP1, subjected to immunoprecipitation using GFP-Trap and analyzed by Western blotting with BRCA1 antibody. (B) Co-immunoprecipitation of WIP1 and BARD1. HEK293 cells were co-transfected with either empty GFP or GFP-BARD1 and Flag-WIP1, subjected to immunoprecipitation using GFP-Trap and analyzed by Western blotting with indicated antibodies. Ponceau staining with indicated positions of GFP (empty arrowhead) and GFP-BARD1 (full arrowhead) are shown. (C) Co-immunoprecipitation of endogenous WIP1 and BRCA1. U2OS cell lysates were incubated with 2 μg of a control antibody (IgG) or affinity-purified antibody against WIP1 for 2 h. Protein complexes were isolated by protein A/G resin and analyzed by immunoblotting. (D) Quantification of BRCA1 pS1524 signal intensity in replicating (EdU+) cells after irradiation. U2OS parental and WIP1 knockout cell lines were pulse-labeled with EdU for 30 min before irradiation. At indicated time-points, cells were pre-extracted, fixed and stained with pBRCA1 S1524 and BRCA1 antibodies. Click chemistry was used to visualize EdU. Median total intensity of BRCA1 pS1524 was normalized to total BRCA1 and is plotted +/− SD. Statistical significance evaluated by two-way ANOVA. (E) Western blot analysis of U2OS parental and U2OS-WIP1-KO cell lines after irradiation. Cells were irradiated and whole cell lysates were analyzed using Western blotting with indicated antibodies. Arrowheads indicate two isoforms of WIP1 present in U2OS. (F) Western blot analysis of MCF7 cells after irradiation with or without combined treatment with WIP1i. Cells were pretreated with WIP1 inhibitor for 30 min before irradiation and whole cell lysates were analyzed by Western blotting with indicated antibodies. (G) Quantification of BRCA1 foci in replicating (EdU+) cells after irradiation. Parental U2OS and U2OS-WIP1-KO cells and cell lines complemented with wild-type or phosphatase-dead (D314A) mutant of WIP1 were pulse-labeled with EdU for 30 min before irradiation. Cells were fixed after pre-extraction at indicated time-points and stained with BRCA1 antibody. Click chemistry was used to visualize EdU. Mean of median total intensity +/− SD is plotted. Statistical significance evaluated by two-tailed t-test. 
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Figure 4. WIP1 delays recruitment of BRCA1 and dephosphorylation of 53BP1 at T543. (A) Co-immunoprecipitation of WIP1 and 53BP1. HEK293 cells were transfected with either empty GFP or GFP-WIP1, subjected to immunoprecipitation using GFP-Trap 24 h after transfection and by Western blotting with 53BP1 antibody. Ponceau staining with indicated positions of GFP (empty arrowhead) and GFP-WIP1 (full arrowhead) are shown. (B) HEK293 cells transfected with EGFP or EGFP-WIP1 were exposed to 3 Gy of IR, collected at indicated times and proteins were immunoprecipitated by GFP Trap. (C) Quantification of 53BP1 pT543 signal intensity in replicating (EdU+) cells after irradiation. U2OS parental and WIP1 knockout cell lines were pulse-labeled with EdU for 30 min before irradiation. Cells were fixed after pre-extraction at indicated time-points after IR and stained with p53BP1 T543 antibody. Click chemistry was used to visualize EdU. Mean of median total intensity +/− SD is plotted. (D) Western blot analysis of whole cell lysates of U2OS cells transfected with GAPDH or PP4C siRNA in response to irradiation and/or WIP1 inhibitor. (E) Quantification of 53BP1 pT543 signal intensity in replicating (EdU+) cells after irradiation. U2OS parental and WIP1 knockout cell lines were transfected with control or PP4C siRNA 2 days before irradiation. Cells were processed and analyzed as in C. (F) Quantification of RPA2 foci in replicating (EdU+) cells after irradiation. U2OS parental cell lines with or without combined treatment with WIP1i were pulse-labeled with EdU for 30 minutes before irradiation. Cells were fixed after pre-extraction at indicated time-points and stained with RPA2 and RAD51 antibodies. Click chemistry was used to visualize EdU. Mean of median foci number +/− SD is plotted. (G) Quantification of RAD51 foci in replicating (EdU+) cells after irradiation as in F. 
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Figure 5. WIP1 deficient cells are more sensitive to PARP inhibition. (A) Cell survival of parental U2OS, two independent U2OS-WIP1-KO cell lines with or without combined treatment with WIP1i was evaluated 7 days after treatment with indicated doses of olaparib using resazurin viability assay. Plotted is mean +/− SD, n ≥ 3. Statistical significance evaluated by two-way ANOVA. (B) Cell survival of parental U2OS, U2OS-WIP1-KO cells and cell lines complemented with wild-type or phosphatase-dead (D314A) mutant of WIP1 in response to 5 μM olaparib as in A. Statistical significance evaluated by two-tailed t-test (n ≥ 3). (C) Percentage of dead cells was evaluated by Hoechst 33258 staining and FACS analysis 7 days after treatment with 5 μM olaparib in U2OS cell line with or without combined treatment with WIP1i. Plotted is mean +/− SD. (D) Cell survival of RPE and MCF7 cell lines with or without combined treatment with WIP1i was evaluated 7 days after treatment with indicated doses of olaparib using resazurin viability assay. Plotted is mean +/− SD. N ≥ 3. Statistical significance evaluated by two-way ANOVA. (E) Cells were transfected with control siRNA (siNC) or siRNA to PP4C (siPP4C). Cell survival was evaluated after 7 days of treatment with olaparib and DMSO or WIP inhibitor. Statistical significance evaluated by two-tailed t-test (n = 3). (F) Quantification of 53BP1 foci number 3 days after treatment with olaparib. U2OS cells were treated with indicated doses of olaparib together with or without WIP1i for 3 days, fixed, stained with 53BP1 antibody and percentage of cells having 0–3, 3–10 and >10 foci were quantified. Mean +/− SD is plotted, n ≥ 3. (G) Quantification of 53BP1 foci after treatment with olaparib. U2OS-WIP1-KO cells and cell lines complemented with wild-type or phosphatase-dead (D314A) mutant of WIP1 were treated with WIP1i and olaparib for 3 days, fixed after pre-extraction and stained with 53BP1 antibody. Number of 53BP1 foci in S/G2 cells was evaluated using DAPI content of >2 n to gate S-G2 cells. Mean of median foci number +/− SD is plotted, n ≥ 3. Statistical significance evaluated by two-tailed t-test. (H) Response of U2OS and U2OS-WIP1-KO cell lines to treatment with 5 μM olaparib for 24–72h was analyzed by Western blotting using indicated antibodies. I) Quantification of 53BP1 foci 3 days after treatment with olaparib. MCF7 cells were transfected with indicated siRNAs and treated after 2 days with WIP1i and olaparib alone or combined for further 3 days. Cells were fixed after pre-extraction and stained with 53BP1 antibody. Number of 53BP1 foci in S/G2 cells was evaluated using DAPI content of >2 n to gate S-G2 cells. Mean of median foci number +/− SD is plotted. Statistical significance evaluated by two-tailed t-test. 
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Figure 6. Putative model for the role of WIP1 in HR and in PARP inhibitor sensitivity. (A) Under normal conditions, endogenous DNA lesions are efficiently repaired by HR and BER. WIP1 promotes efficiency of HR and limits the extent of p53 pathway activation allowing cells to proliferate. (B) After inhibition of PARP1, BER pathway is impaired (dashed lines) but DNA lesions are efficiently repaired by HR. (C) Combined inhibition of PARP1 and WIP1 impairs both BER and HR (dashed lines) and enhances p53 response leading to accumulation of DNA lesions in G2 cells. Increased DNA damage load triggers the DNA damage response and allows full activation of p53 pathway leading to cell death. 
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