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            Abstract
Programmable nucleases, such as Cas9, are used for precise genome editing by homology-dependent repair (HDR)1,2,3. However, HDR efficiency is constrained by competition from other double-strand break (DSB) repair pathways, including non-homologous end-joining (NHEJ)4. We report the discovery of a genetically encoded inhibitor of 53BP1 that increases the efficiency of HDR-dependent genome editing in human and mouse cells. 53BP1 is a key regulator of DSB repair pathway choice in eukaryotic cells4,5 and functions to favor NHEJ over HDR by suppressing end resection, which is the rate-limiting step in the initiation of HDR. We screened an existing combinatorial library of engineered ubiquitin variants6 for inhibitors of 53BP1. Expression of one variant, named i53 (inhibitor of 53BP1), in human and mouse cells, blocked accumulation of 53BP1 at sites of DNA damage and improved gene targeting and chromosomal gene conversion with either double-stranded DNA or single-stranded oligonucleotide donors by up to 5.6-fold. Inhibition of 53BP1 is a robust method to increase efficiency of HDR-based precise genome editing.
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                    Figure 1: Identification of 53BP1-binding ubiquitin variants.[image: ]


Figure 2: Structure of the UbvG08 bound to the 53BP1 Tudor domain.[image: ]


Figure 3: The i53 protein inhibits 53BP1 and activates gene conversion.[image: ]


Figure 4: Stimulation of HDR by i53 with dsDNA and ssODN donors.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Additional details relevant to interpretation of the 53BP1-UbvG08 structure (related to Fig. 2)
a, Structural overlay of the newly determined 53BP1 Tudor domain, the apo 53BP1 Tudor domain (PDB 1XNI) and 53BP1 Tudor domain bound to a H4K20me2 peptide ligand (PDB 2IG0). b, Structural overlay of UbvG08 and native ubiquitin. c, Structure-guided sequence alignment of UbvG08 and native ubiquitin. Secondary structural elements of native ubiquitin and UbvG08 are highlighted above and below the sequence alignment, respectively. Residue differences between ubiquitin and UbvG08 are highlighted in orange. A register shift in strand β5 is responsible for an increase in the size of the preceding loop (boxed in black) in UbvG08. d, Structural overlay of UbvG08 and native ubiquitin highlighting the difference in position of Q62 in ubiquitin with that of L62 in UbvG08 that may contribute to the differential conformation of a tight loop preceding strand β5. e, Zoom-in of the loop preceding β5 and strand β5 in ubiquitin superimposed on UbvG08. UbvG08 residues D64 (corresponding to residue E64 in ubiquitin) and K66 (corresponding to residue T66 in ubiquitin) are drastically displaced by the register shift in strand β5.


Supplementary Figure 2 Structural model validation (related to Fig. 2)
a, MBP pulldown assay where the indicated MBP-53BP1 Tudor proteins were incubated with GST-UbvG08. b, Peptide pulldown assays where the immobilized biotin-H4K20me2 peptide was used to retrieve MBP-53BP1 Tudor or the proteins as indicated. IB, immunoblot. Please note that the blots shown are cropped and the uncropped versions can be found as Supplementary Information.


Supplementary Figure 3 Effect of i53 on BRCA1 (related to Fig. 3)
a, Representative micrographs of the experiment shown in Fig. 3a-b. b, Representative micrographs of the experiment shown in Fig. 3c.


Supplementary Figure 4 Control immunoblots and assessment of AAV-i53 vectors (related to Fig. 4)
a,Immunoblots of whole cell lysates prepared from U2OS DR-GFP cells transfected with the indicated siRNAs along with an I-SceI expression vector and probed with the indicated antibodies. This blot relates to the experiment shown in Fig. 4b. b, Immunoblots of whole cell lysates prepared from U2OS DR-GFP cells transfected with vectors expressing Flag-tagged i53, its DM mutant or an empty vector along with an I-SceI expression vector and probed with the indicated antibodies. This blot relates to the experiment shown in Fig. 4c. c, Control immunoblot of the experiment shown in Fig. 4d. d,e U2OS DR-GFP cells transduced with AAV particles coding for Flag-i53 (i53) or Flag-i53-DM (i53-DM) and then subjected to the DR-GFP assay following transfection of the I-SceI expression vector. In (d) the percentage of GFP-positive cells was determined 48 h post- transfection for each condition. Each pair of points are matched biological replicates; N=3. Control immunoblots showing i53 and i53-DM expression are shown in (e). Please note that the blots shown are cropped and the uncropped versions can be found as Supplementary Information.


Supplementary Figure 5 Gene targeting at the HIST1HB2K locus (related to Fig. 4).
a, b Gene targeting at the HIST1HB2K locus in 293T (a) and K562 cells (b) previously transduced with AAV coding for i53 or i53-DM (DM). The HIST1HB2K-mAG donor was introduced by nucleofection at the same time as a Cas9 RNP targeting HIST1HB2K. Control reactions where the RNP was omitted were also carried out. 72 h post-transfection, cells were analysed for mAG fluorescence by flow cytometry. Individual experiments are presented along with the mean +/− s.d., (N=3). c, Representative scatter plots for one of the biological replicates of the experiment shown in Fig. 4b.


Supplementary Figure 6 Gene targeting at the mouse Hsp90a1 locus (related to Fig. 4).
Representative scatter plots for one of the biological replicates of the experiment shown in Fig. 4c.


Supplementary Figure 7 Analysis of HDR by dsDNA and ssODNs along with primary data (related to Fig. 4).
a, K562 cells were nucleofected with ZFN mRNA (control) plus three different concentrations of i53-FLAG mRNA or DM-FLAG mRNA. Indels were then analyzed in each sample. b, BFP-to-GFP conversion by ssODN-mediated HDR in 293T (left) or MCF10a cells previously transduced with AAV coding for i53 or i53-DM (DM). An optimal ssODN donor targeting GFP (GFP-1) was used in MCF10a cells whereas a suboptimal donor (GFP-2) was used in 293T cells. Donor and Cas9 RNP were then nucleofected and 96 h later, cells were analysed for GFP and BFP expression. Individual paired experiments are presented. c, Representative scatter plots for one of the biological replicates of the experiment shown in Fig. 4e and panel b (left graph). d, e, Representative agarose gels of the RFLP analysis for the experiments shown in Fig. 4f and Fig 4g. f, Quantitation of indels by TIDE analysis in the experiments shown in Fig 4f and 4g (N=4 for 293T cells, N=3 for K562 cells).


Supplementary Figure 8 CtIP promotes HDR with ssODN donors and i53 does not promote sister chromatid exchanges.
a, Representative scatter plots for one of the biological replicates of the experiment shown in Fig. 4h. b, Control immunoblot for the CtIP depletion in the experiment shown in Fig. 4h. c, U2OS EJ2-GFP cells were transfected with the vectors expressing Flag-tagged i53, its DM mutant or an empty vector control (EV) along with an I-SceI expression vector. The percentage of GFP-positive cells was determined 48 h post-transfection for each condition. Individual experiments are presented along with the mean +/− s.e.m., N=4. d, Control immunoblot for the experiment shown in (c). e, i53 does not impact SCE frequency. Representative micrographs DAPI-stained metaphases from HeLa cells transduced with AAVs encoding GFP, i53 or i53-DM and treated for 48h with BrdU and then either left untreated or treated with mitomycin C (MMC). f, Quantification of SCEs/chromosome; Each data point is one metaphase derived from 3 independent experiments, overlaid is a box-and-whisker plot (min-to-max values) with the bar at median and bounds at interquartile range. g, FLAG and tubulin immunoblots of whole cell extracts from HeLa cells transduced with the indicated viruses as controls for the experiment shown in panel f-g. h, Control experiment to assess inhibition of 53BP1 focus formation in cells transduced with the indicated AAV. Shown are the percentage of cell showing >5 53BP1 irradiation-induced DNA damage foci following 5 Gy irradiation. Individual data points are shown along with the means +/− s.d. (N=3). Please note that the blots shown are cropped and the uncropped versions can be found as Supplementary Information.


Supplementary Figure 9 Uncropped scans of gels.
Uncropped scans of gels using in this paper. Shown also are the molecular weight markers (all kDa). Dashed lines delineate two blots that were scanned at the same time or two sets of antibodies that were used simultaneously on the same blot.
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