







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature Biotechnology]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature biotechnology

	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 24 March 2015



                    Increasing the efficiency of homology-directed repair for CRISPR-Cas9-induced precise gene editing in mammalian cells

                    	Van Trung Chu1, 
	Timm Weber1, 
	Benedikt Wefers 
            ORCID: orcid.org/0000-0002-2492-93892,3, 
	Wolfgang Wurst2,3,4, 
	Sandrine Sander1, 
	Klaus Rajewsky1 & 
	…
	Ralf Kühn1,2,5 

Show authors

                    

                    
                        
    Nature Biotechnology

                        volume 33, pages 543–548 (2015)Cite this article
                    

                    
        
            	
                        90k Accesses

                    
	
                        816 Citations

                    
	
                            154 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	CRISPR-Cas9 genome editing
	Double-strand DNA breaks
	Genetic engineering


    


                
    
    
        
            
                
                    
                        
                    
                
            
            
                
                    An Erratum to this article was published on 06 February 2018

                
            
        

    

    
        
            
                
                    
                        
                    
                
            
            This article has been updated

        

    
    

                
            


        
            Abstract
The insertion of precise genetic modifications by genome editing tools such as CRISPR-Cas9 is limited by the relatively low efficiency of homology-directed repair (HDR) compared with the higher efficiency of the nonhomologous end-joining (NHEJ) pathway. To enhance HDR, enabling the insertion of precise genetic modifications, we suppressed the NHEJ key molecules KU70, KU80 or DNA ligase IV by gene silencing, the ligase IV inhibitor SCR7 or the coexpression of adenovirus 4 E1B55K and E4orf6 proteins in a 'traffic light' and other reporter systems. Suppression of KU70 and DNA ligase IV promotes the efficiency of HDR 4–5-fold. When co-expressed with the Cas9 system, E1B55K and E4orf6 improved the efficiency of HDR up to eightfold and essentially abolished NHEJ activity in both human and mouse cell lines. Our findings provide useful tools to improve the frequency of precise gene modifications in mammalian cells.
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                    Figure 1: Insertion of a traffic light reporter into the AAVS1 locus of HEK293 cells and suppression of the NHEJ pathway.[image: ]


Figure 2: Enhancement of HDR for CRISPR-Cas9-induced precise gene targeting.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Strategy for the insertion of the TLR construct into the AAVS1 locus of HEK293 cells using CRISPR/Cas9.
(a) T7 endonuclease assay to determine the targeting activity of each sgAAVS1. HEK293 cells were transfected and sorted for Cherry expression at 48h, genomic DNA was extracted and the target region was amplified by PCR. T7EI was added into heteroduplexed PCR products and the reaction products were analyzed by gel electrophoresis and quantified using ImageJ, indicating the cleavage of 35% (sgAAVS1-1) or 33% (sgAAVS1-2) of the PCR products. (b) Sequencing of PCR products showed micro-deletions in the targeted AAVS1 locus. (c) Scheme of the TLR insertion experiment, HEK293 cells were cotransfected with AAVS1-TLR donor and Cas9-T2A-mCherry or sgAAVS1-1/Cas9-T2A-mCherry expression vectors. mCherry+ cells were sorted, selected with puromycin until day 18, the colony number was counted and single cells were sorted. (d) The colony number was evaluated for each condition and normalized to the input number of cells.


Supplementary Figure 2 Genotyping PCR for correct integration of the AAVS1-TLR vector into the human AAVS1 locus.
(a) The human AAVS1TLR targeted allele was detected by an external forward primer and a reverse primer located in the inserted cassette. Single cell clones were sorted from cells transfected with pAAVS1-TLR donor and Cas9-expression vector or sgAAVS1-1/Cas9 expression vector. (b) Genotyping PCR to detect heterozygous/homozygous clones, the wild type band has a size of ∼500 bp and the targeted band is sized ∼300 bp.


Supplementary Figure 3 Functional test for the TLR system.
(a) Mono- and biallelic AAVS1TLR cells were cotransfected with Venus donor and with Cas9-T2A-BFP expressino vector or with sgRosa26-1/Cas9-T2A-BFP expression vector. The frequency of RFP+ mutNHEJ and Venus+ HDR cells was analyzed by flow cytometry. (b) Gated on BFP+ transfected biallelic cells, the fraction of cells undergoing HDR (green column) or NHEJ (red column) or both (blue column) events was further analyzed.


Supplementary Figure 4 Suppression of the NHEJ pathway using shRNA silencing.
(a) For each gene, two shRNAs were selected from published reports and tested for inhibition of NHEJ in biallelic AAVS1TLR/TLR cells (Supplementary Table 4). (b) Relates to Fig. 1f, mono-allelic AAVS1TLR/+ cells were transfected with CRISPR/Cas9 vector expression shRNA to target KU80 or combinations of KU70, KU80 and Ligase IV. The graph represents triplicate data from 1 of 3 similar experiments. (c) Biallelic AAVS1TLR cells were transfected with CRISPR/Cas9 vector expressing shRNA to target KU80 or combinations of KU70, KU80 and DNA Ligase IV. The graphs represent triplicate data from 1 of 3 similar experiments.


Supplementary Figure 5 Suppression of DNA Ligase IV protein by using shRNA or Ad4 proteins.
Bi-allelic AAVS1TLR/TLR cells were transfected with sgRosa26-1/Cas9-T2A-BFP, sgRosa26-1/Cas9/shLIG4-T2A-mCherry or co-transfected with sgRosa26-1/Cas9/Ad4 E4orf6-T2A-BFP and Cas9/Ad4 E1B55K-T2A-mCherry expression vectors. (a) The transfection efficiency was analysed by flow cytometry at 48h, the reporter+ cells sorted. (b) Sorted cells were lysed and Western blotting performed for the detection of DNA Ligase IV (103 kDa) and beta-actin (42 kDa). The data represent one of two independent experiments.


Supplementary Figure 6 Inhibition of the NHEJ pathway using the SCR7 inhibitor or overexpression of Ad4 proteins in biallelic AAVS1TLR cells.
Biallelic AAVS1TLR/TLR cells were transfected with Cas9-T2A-BFP or sgRosa26/Cas9-T2A-BFP expression vectors and treated with SCR7 inhibitor, or were transfected with sgRosa26/Cas9-T2A-BFP-Ad4 E1B55K/ -E4orf6 expression vectors in the absence of SCR7. BFP+ transfected cells were analyzed at day 3. The frequency of RFP+ mutNHEJ cells is indicated. The data represents 1 of 6 similar experiments.


Supplementary Figure 7 Optimization of HDR efficiency using shRNA silencing.
Mono-allelic AAVS1TLR/+ cells were transfected with sgRosa26-1, Cas9 and shRNA against KU80 or combinations of KU70 and KU80, or KU80 and DNA Ligase IV. The frequency of Venus+ HDR and RFP+ mutNHEJ cells, expressed as the percentage of the transfected BFP+ cells, was determined at day 3.


Supplementary Figure 8 Suppression of the NHEJ pathway to enhance HDR efficiency for CRISPR/Cas9-mediated gene targeting in biallelic AAVS1TLR/TLR cells.
(a) Scheme of the forward and reverse primers located in the TLR and the length of PCR donor fragments, the purity of PCR products was shown by agarose gel. (b) Biallelic AAVS1TLR/TLR cells were cotransfected with sgRosa26-1/Cas9-T2A-BFP expression vector or coexpression of Ad4 E1B55K/E4orf6 proteins and the same molar concentration of the PCR or linearized Venus plasmid donor. The percentage of Venus+ HDR and RFP+ mutNHEJ cells were analyzed by flow cytometry at 3 days after transfection. The graph summarizes the frequency of RFP+ mutNHEJ (red), Venus+ HDR (green), and RFP+ Venus+ mutNHEJ-HDR (blue) cells. The data represent results from 1 of 2 similar experiments. The bars show mean values ± SD.


Supplementary Figure 9 Titration of SCR7 and fluorescence analysis of targeted clones.
(a) Biallelic AAVS1TLR/TLR cells were transfected with Cas9 only or with sgRosa26-1 and Cas9 in the presence of shRNAs for gene silencing or SCR7 inhibitor or the coexpression of Ad4 E1B55K/E4orf6 proteins. The percentage of Venus+ HDR (green bars), RFP+ mutNHEJ (red bars) and of cells undergoing both events (blue bars) was determined at day 3 by flow cytometry. (b) The graph summarizes triplicate data from 1 of 3 similar experiments. (c) The normalization of the frequency of Venus+ HDR cells to that in cells transfected with sgRosa26-1 and Cas9. The dotted line shows cut of interested fold change.


Supplementary Figure 10 Optimization of PCR donor templates for CRISPR/Cas9-mediated HDR in biallelic AAVS1TLR/TLR cells.
(a) AAVS1TLR/+ reporter cells were cultured in serial dilutions of SCR7 and analysed at 48h by FACS for the forward (FCS) and side scatter (SSC) parameters. Gating on the population of live cells showed that increasing concentrations of SCR7 lead to a gradual decrease of viability. (b) Transfection of AAVS1TLR/+ cells with sgRosa26-1/Cas9-T2A-BFP plasmid and linearized Venus donor vector. The frequency of transfected BFP+ cells is reduced in the presence of increasing concentrations of SCR7. (c) Gating on transfected BFP+ cells, the frequency of Venus+ HDR and RFP+ mutNHEJ cells was determined at day 3. (d) FACS re-analysis of two representative targeted AAVS1TLR/+ clones, generated through the coexpression of Ad4 proteins (blue curve) or without Ad4 proteins (red curve) for the expression of Venus signal, showing a similar mean fluorescence intensity, indicating that the reduced reporter expression occurs only transiently.


Supplementary Figure 11 Detection of correct integration of a GFP cassette into the human AAVS1 locus.
Scheme of the targeted AAVS1 allele and primer locations, single cell clones were sorted from HEK293 cells transfected with pAAVS1-GFP donor plasmid and sgAAVS1-1/Cas9-T2A-mCherry or sgAAVS1-1/Cas9-T2A-mCherry-Ad4 E1B55K/E4orf6 expression vectors. PCR was performed using external P1 forward (outside of 5′ homology arm) and transgene R1 reverse (seeded in T2A sequence) primers, the PCR products analyzed on agarose gels and the number of correctly integrated clones was calculated. For the genomic DNA loading control, PCR was performed using the P3 forward and R3 reverse primers located outside of the 3′ homology arm.


Supplementary Figure 12 CRISPR/Cas9-mediated HDR in mouse Burkitt lymphoma-like cells.
Scheme of CRISPR/Cas9 delivery, mouse BL cells were electroporated to deliver sgGFP/Cas9-T2A-mCherry expression vector or coexpession of Ad4 E1B55K/E4orf6 proteins together with the pBFP donor plasmid. The cells were analysed at 24h or 72h by flow cytometry.


Supplementary Figure 13 Reversion of a Foxo1 point mutation in mouse Burkitt lymphoma-like cells.
(a) Schematic of the mouse Foxo1 locus, the heterozygous A to C mutation (T24P replacement) in exon 1 generates a PAM (red) sequence which is not present in the wild type allele of Burkitt lymphoma-like (BL) cell line isolated from a tumor bearing mouse. In the targeted sequence, sgRNAs with Foxo1-specific target sequences are indicated in blue and the PAM signal is shown in red. The two sgRNAs are located at a distance of 1.2 kb. (b) BL cells were electroporated to deliver sgExon1/Cas9-T2A-mCherry or sgIntron1/Cas9-T2A-BFP plasmid DNA or both expression vectors, as indicated. Reporter positive cells were sorted at 48h, genomic DNA was isolated and a T7EI assay was performed, confirming the activity of both sgRNAs. (c) A segment of the Foxo1 locus was PCR amplified using forward and reverse primers as indicated in (a), PCR products derived from undeleted alleles have a size of 1.8 kb whereas the 1.2 kb deletion between the sgRNA target sites leads to a PCR product of 0.6 kb, indicated by a red arrow. PCR products representing the deleted allele were isolated and subcloned into the pSTblue-1 vector for sequencing. Sequence analysis confirmed that the expected 1.2 kb gene segment was deleted in mutant Foxo1 alleles. (d) Schematic of codon replacement in the mutant Foxo1 allele of BL cells, the mutant C is highlighted in red, the reverting (wildtype) A is shown in green and an additional silent mutation (T > C) is shown in blue. The pFoxo1 donor vector contains in addition a PGK-Puromycin cassette placed into intron 1. (e) Schematic of the codon replacement experiment. Mouse BL cells were co-electroporated with pFoxo1 donor and sgExon1/Cas9-T2A-mCherry or sgIntron1/Cas9-T2A-BFP plasmids or with both expression vectors in the presence or absence of the Ad4 proteins. Reporter positive cells were sorted on day 2 and selected with Puromycin for 8 days. At day 10 single cells were sorted, expanded into clones and genomic DNA was isolated. The mouse Foxo1 targeted allele was detected by PCR amplification of a 3.2 kb fragment using an external reverse primer and a forward primer located in the Puromycin cassette (P1-R1 set). The genotyping PCR to distinguish heterozygous and homozygous targeted clones was performed with the P2-R2 primer pair, detecting the wildtype allele by a 700 bp band and targeted loci by a 2 kb band. (f) Summary of the frequency of Foxo1 targeted clones and of heterozygous and homozygous targeting events using the indicated transfection conditions. (g) Sequencing of PCR products derived from targeted clones confirmed that the mutant Foxo1 allele was successfully repaired.
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