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            Abstract
Functional genomics approaches can overcome limitations—such as the lack of identification of robust targets and poor clinical efficacy—that hamper cancer drug development. Here we performed genome-scale CRISPR–Cas9 screens in 324 human cancer cell lines from 30 cancer types and developed a data-driven framework to prioritize candidates for cancer therapeutics. We integrated cell fitness effects with genomic biomarkers and target tractability for drug development to systematically prioritize new targets in defined tissues and genotypes. We verified one of our most promising dependencies, the Werner syndrome ATP-dependent helicase, as a synthetic lethal target in tumours from multiple cancer types with microsatellite instability. Our analysis provides a resource of cancer dependencies, generates a framework to prioritize cancer drug targets and suggests specific new targets. The principles described in this study can inform the initial stages of drug development by contributing to a new, diverse and more effective portfolio of cancer drug targets.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Target prioritization framework.[image: ]


Fig. 2: Target prioritization and biomarker discovery.[image: ]


Fig. 3: Priority targets and biomarker-linked dependencies.[image: ]


Fig. 4: Cancer-type priority targets.[image: ]


Fig. 5: WRN is a target in MSI cancer cells.[image: ]
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                Data availability

              
              Data and analyses are included in the published article and supplementary data 1, 2 and 3 are available from FigShare (https://figshare.com/projects/CRISPRtargetID/60146). The gene fitness scores of the cell lines, raw counts of the sgRNA data, and processed data and results are available from the project Score web portal: https://score.depmap.sanger.ac.uk.

            

Code availability

              
              Software code are available through GitHub at https://github.com/francescojm/CRISPRcleanR, https://github.com/francescojm/ADAM and https://github.com/francescojm/BAGELR.
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Extended data figures and tables

Extended Data Fig. 1 Project Score CRISPR–Cas9 screening pipeline, data quality control and analysis set.
a, CRISPR–Cas9 screening pipeline workflow, including quality control steps and go/no-go decisions. b, Genomic characterization of the CRISPR–Cas9-screened cell lines. c, Average Pearson’s correlation of replicate sgRNA counts (n = 86,875) for individual cell lines. d, Data quality control threshold based on the distributions of Pearson’s correlation values of sgRNA fold change values between replicates of the same cell line (in green) and all possible pairwise comparisons (in grey), considering the 838 highly informative sgRNAs (described in the Methods). e, Percentage of experiments passing the quality control filter defined in d. f, Pearson’s correlation values as described in d for the cell lines in the final analysis set. g, ROC and precision/recall curves were obtained after classifying predefined essential (n = 354) and non-essential (n = 747) genes based on gene-level rank positions calculated using depletion fold changes. The median areas under the curve across all cell lines are reported. h, Glass’s Δ scores quantifying the depletion effect size for genes that encode ribosomal proteins (n = 61) and a priori known essential (n = 354) genes for all cell lines. i, Cell lines in the final analysis set grouped by tissue (inner ring) and cancer-type (outer ring). j, Median gene-level depletion fold change (FC) values and interquartiles for reference gene sets defined in g and h for the 324 cell lines included in the analysis set. GEX, gene expression; METH, methylation; CNA, copy number alteration; WES, whole-exome DNA sequencing; AUROC, area under receiver operating characteristic; AUPR; area under precision/recall curve.


Extended Data Fig. 2 Assessment of technical confounders in CRISPR–Cas9 screening data and summary of fitness genes.
a, Absence of association between screening data quality and the number of replicates (as quantified by a Pearson’s correlation with respect to the number of replicates, n = 5 distinct values). Data quality was assessed using the fitness effect (the median fold change) of genes that encode ribosomal protein (n = 61) in each cell line as a reference. b, Absence of an association between data quality (quantified as in a) and average Pearson’s correlation between replicates of individual screened cell lines (n = 324). The P value refers to a two-sample Student’s t-test, the score on the right plot is a Pearson’s correlation. c, Weak correlation and significant association between sgRNA library transduction efficiency in cell lines (averaged for replicates) and data quality. d, Weak correlation and significant association between the Cas9 activity of a cell line (averaged for replicates) and data quality. e, Absence of an association between library coverage and data quality. In c–e, P values, R and sample sizes (n) are defined as for b. f, Number of fitness genes in each cell line (BAGEL FDR < 5%; median = 1,459). g, Number of cell lines with fixed intervals of numbers of fitness genes. h, Absence of correlation between number of significant fitness genes per cell line and number of replicates, R defined as for a. i, The effect of the version of the sgRNA screening library on the number of fitness genes identified. A new version of the library (v.1.1) with additional guides for a subset of genes yields moderately larger numbers of fitness genes; however, this is equally variable in both groups and confounded by the tissue of origin of the cell lines. P value is from a two-sample Student’s t-test. j, Reproducible calling of fitness genes in HT-29 across sgRNA libraries. Left, the number of fitness genes detected in each library. Right, scatter plots of depletion scores at the genome-wide level or considering only highly informative sgRNAs for each library. In both cases, P values from a Fisher’s exact test are below machine precision (<10−16). R indicates Pearson’s correlation; C indicates the percentage of genes called as significantly depleted with both libraries over those detected as significantly depleted with one library only. k, Pearson’s correlation between the number of fitness genes per cell line and Cas9 activity level and library transduction efficiency. l, Pearson’s correlation between the number of fitness genes per cell line and the average Pearson’s correlation of cell line replicates. m, n, Pearson’s correlation between the number of fitness genes per cell line and the ability to detect a defined essential genes. For all panels, each data point is a cell line coloured by cancer type (except g and j). Box-and-whisker plots show the median, interquartile range and 95 percentiles.


Extended Data Fig. 3 Computation of ovary-specific and pan-cancer core fitness genes with ADaM, and a summary of context-specific and core fitness genes.
a, Number of fitness genes in each cell line. b, Number of fitness genes in a fixed number (m) of cell lines. c, Distributions and cumulative distributions of number of fitness genes observed in m cell lines across 1,000 randomized versions of the depletion scores for ovary cell lines. d, True-positive rates (for which a priori known essential genes are counted as positive) when considering the genes that are depleted (fitness genes) in at least m cell lines (blue curve) as predictions and the deviance of the number of these genes from expectations (computed using the randomized data shown in c) for all possible values of m (red curve). The x coordinate (rounded by excess) of the intersection of these two curves estimates the minimal number of cell lines m∗ in which a gene should be significantly depleted in order to be predicted as a core fitness gene for a cancer type. e, Number of genes predicted to be cancer-type-specific core fitness genes for a fixed number (k) of cancer types. f, Distributions (top) and cumulative distributions (bottom) of the number of core fitness genes predicted for a fixed number of tissue types for 1,000 randomized versions of the cancer-type-specific core fitness profiles. g, True-positive rates (for which a priori known essential genes are counted as positive) when considering the genes that are core fitness genes for at least k cancer types (blue curve) as predictions and the deviance of the number of these genes from expectation (computed using the randomized data shown in f; red curve). The x coordinate estimates the minimal number of cancer types k∗ for which a gene should have been predicted as a cancer-type-specific core fitness gene in order to be classified as a pan-cancer core fitness gene. All box-and-whisker plots show the interquartile ranges and 95th percentiles, with centres indicating medians.


Extended Data Fig. 4 Characterization of ADaM pan-cancer core fitness genes.
a, The 553 pan-cancer core fitness genes in reference essential gene sets are shown9,10. Respective recall and enrichment significance P values from a hypergeometric test when considering the whole set of genes targeted in the CRISPR–Cas9 screen as the background population (n = 17,995). The 132 newly identified core fitness genes fall outside of these reference gene sets. b, c, Pathways (b) and gene families (c) enriched in the 132 newly identified pan-cancer core fitness genes (Benjamini–Hochberg-adjusted hypergeometric test P < 0.05). d, Comparison of the ADaM core fitness genes with two previously reported reference sets9,10 of essential genes in terms of number of genes, estimated precision and recall (the genes included in reference gene sets corresponding to cellular essential process were considered to be true-positive genes). e, FDRs of putative context-specific fitness genes at different thresholds of reliability (n = 7,393, 2,233, 426 and 82 putative context-specific fitness genes, respectively, for thresholds equal to 20, 50, 100 and 200 of log-likelihood of skewed t-distributions). f, Clustering of cancer types based on core fitness gene similarity (left) and numbers of cancer-type core-specific fitness genes exclusive to each cancer type (right). g, Basal expression of cancer-type specific core fitness genes (n, across tissues indicated in Fig. 1c) in matched normal tissues compared with all the other genes in the genome, across cancer types (as indicated by the different colours). Five genes were identified as core fitness genes in a single cancer type and are not expressed at the basal level (<5% quantile) in matched normal tissue (red points). Cancer types are coloured as shown in f. Box-and-whisker plots show interquartile ranges and 95th percentiles, with sample sizes indicated in f (right), centres indicate median values.


Extended Data Fig. 5 Pan-cancer and cancer-type-specific priority scores.
a, Criteria for the target prioritization scoring system. b, ANOVA results from differential dependency biomarker analyses with all 1,001 significant associations classified as pan-cancer or cancer-type-specific associations (inner circle), loss- or gain-of-fitness marker (middle circle) and whether the marker is a mutation, copy number gain or loss (outer circle). c, Distributions of pan-cancer (left) and cancer-type-specific (right) non-null target priority scores based on the therapeutic indication of approved or preclinical compounds. The significance threshold was based on the distribution of scores for targets with approved anticancer compounds (specific anticancer compounds for the cancer-type-specific priority score) versus scores for targets with no available anticancer compounds. d, Overlap between cancer-type-specific priority targets (for at least one cancer type) and pan-cancer priority targets. e, Example priority targets identified only in the pan-cancer context. Each symbol is an individual cell line coloured by cancer type and symbol shapes indicate a significant dependency (n = 324 cell lines).


Extended Data Fig. 6 Priority therapeutic targets in 10 cancer types and pan-cancer.
Each data point is a target with a priority score classified into tractability buckets and groups. The shapes represent the indication of the approved and/or preclinical compound to the corresponding target (other disease (square), anticancer (triangle) or specific to the cancer type considered (rhombus)); circles indicate the absence of a compound. Symbols within each data point indicate the strength of the genomic marker associated with differential dependency on the target (class A to C indicate strong to weak associations).


Extended Data Fig. 7 GPX4 fitness selectivity for cells undergoing epithelial–mesenchymal transitions, functional classification of priority targets and WRN differential fitness in other cancer types.
a, Differentially expressed genes in cell lines that are dependent on GPX4 (left) (n = 113, non-dependent versus dependent, moderated t-statistic FDR estimates). Epithelial–mesenchymal transition is the top differentially enriched cancer hallmark gene signature in GPX4-dependent cell lines (right). P values from single-sample gene set enrichment analyses were obtained by randomly permuting gene signatures 10,000 times and adjusted for multiple testing using the Benjamini–Hochberg FDR correction. b, Functional classification of priority targets in each tractability group using the PANTHER database. For clarity, kinases (a subset of transferases) and transcription factors are shown separately. Protein classes are indicated by colour. Statistical enrichment was calculated using a systematic hypergeometric test across protein families, following correction for multiple testing with the Benjamini–Hochberg method. Pie charts indicate the percentage of targets in each group classified according to protein families. c, WRN dependency in multiple cancer types. Each data point is a cell line showing the quantile-normalized WRN sgRNA fold change value stratified by MSI status. Box-and-whisker plots show interquartile ranges and 95th percentiles and centres indicate median values. Individual values are shown as dots. Statistical significance was calculated from the systematic ANOVA analysis for each cancer type for which the number of cell lines was greater than 10 (n = 14 for gastric carcinoma).


Extended Data Fig. 8 Verification of WRN as a target in MSI cancers.
a, WRN dependency using a co-competition assay in MSI (top row, n = 7) and MSS (bottom row, n = 7) cell lines from four cancer types. sgRNAs targeting essential (sgEss) and non-essential (sgNon) genes were used as controls. Bars represent mean co-competition score; lines represent maximum and minimum values; individual data points overlaid. b, Selective WRN dependency in MSI versus MSS cell lines was confirmed using clonogenic assays in four cancer types (images are representative of two independent experiments). c, A reduction in WRN protein levels with all WRN sgRNAs was confirmed by western blot (images are representative of two independent experiments). d, An association between WRN dependency and MSI status was confirmed by mining data from an independent study that used RNA interference, project DRIVE12 (Student’s t-test, P = 0.004; n = 214). Each circle represents the WRN RNA-interference dependency score in a cancer cell line. Box-and-whisker plots represent median and 1.5× interquartile range. e, siRNA depletion of WRN inhibited proliferation of HCT116 cells. Data are mean ± s.d. of three independent experiments. The P value was determined using a non-parametric Student’s t-test. f, siRNA-mediated depletion of WRN was verified by western blot (images are representative of two independent experiments). For western blot source data, see Supplementary Fig. 1.


Extended Data Fig. 9 MLH1 knockout, MMR rescue experiments and modulation of WRN dependency.
a, A WRN co-competition assay in MSS SW620 cells with stable MLH1 knockout. Cells were cultured for 3 months before assessing WRN dependency. Data are mean ± s.e.m. of three independent experiments. b, Western blotting confirmed MLH1 and WRN knockout (images are representative of two independent experiments). c, MLH1 and MSH3 expression by western blot in HCT116 parental and isogenic cell lines complemented with chromosome 2 (Ch.2; negative control), Ch.3 (which contains MLH1), Ch.5 (which contains MSH3) and Ch.3 + Ch.5 (which contains both MLH1 and MSH3). Data are representative of two independent experiments. d, Effect of WRN knockout (WRN sgRNAs 1 and 4 (sgWRN1 and sgWRN4, respectively)) on viability after 7 days in HCT116 parental and isogenic cell lines. Data are mean ± s.d. of three independent experiments. e, Clonogenic assays (14 days) after WRN knockout in HCT116 parental and isogenic cell lines. Data are representative of three independent experiments. f, Reduction in WRN levels was confirmed by western blot. Data are representative of two independent experiments. Source data for all western blots are shown in Supplementary Fig. 1.


Extended Data Fig. 10 Functional rescue experiments and in vivo validation of WRN dependency in a MSI colorectal cancer cell line.
a, Expression of wild-type mouse Wrn rescued the viability effect of WRN knockout in MSI cell line SW48. MSS cell line SW620 was used a negative control. Box-and-whisker plots represent the median and 1.5× interquartile range. Data represent two independent biological replicates completed in technical triplicate. b, Western blots confirmed expression of Flag-tagged protein using all variants of the Wrn vector. Images are representative of experiments performed in triplicate. c, WRN knockout induced by doxycycline treatment in WRN sgRNA-expressing HCT116 (HCT116-WRN) cells measured by western blot for two separate clonal lines. Data are representative of two independent experiments. d, Growth curves of HCT116 parental, HCT116 sgNon (non-essential sgRNA) and WRN sgRNA-expressing HCT116 cells grown in the absence (black line) or presence of doxycycline (2 μg ml−1; yellow line). Data are mean ± s.d. of 10 technical replicate wells for each condition (1 image per well) and representative of two independent experiments. e, Growth curves of WRN sgRNA-expressing HCT116 (clone b) subcutaneous tumours from mice treated with doxycycline (50 mg kg−1; yellow line) or vehicle (grey line). Tumour growth suppression was observed (P = 0.03, two-way ANOVA comparing doxycycline versus vehicle). The number of mice in each cohort is indicated. Data are mean ± s.e.m. f, Representative KI-67 immunohistochemistry assessment of WRN sgRNA-expressing HCT116 (clone b) tumours explanted after one week of doxycycline treatment (left). Scale bar, 50 μm; 40× magnification. Quantification of KI-67 staining (right). Data are mean ± s.d. of 10 fields from three different samples (n = 30) and means were compared using a two-sided Welch’s t-test. Source data for all western blots are shown in Supplementary Fig. 1.
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