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            Abstract
The CRISPR–Cas9 system has revolutionized gene editing both at single genes and in multiplexed loss-of-function screens, thus enabling precise genome-scale identification of genes essential for proliferation and survival of cancer cells1,2. However, previous studies have reported that a gene-independent antiproliferative effect of Cas9-mediated DNA cleavage confounds such measurement of genetic dependency, thereby leading to false-positive results in copy number–amplified regions3,4. We developed CERES, a computational method to estimate gene-dependency levels from CRISPR–Cas9 essentiality screens while accounting for the copy number–specific effect. In our efforts to define a cancer dependency map, we performed genome-scale CRISPR–Cas9 essentiality screens across 342 cancer cell lines and applied CERES to this data set. We found that CERES decreased false-positive results and estimated sgRNA activity for both this data set and previously published screens performed with different sgRNA libraries. We further demonstrate the utility of this collection of screens, after CERES correction, for identifying cancer-type-specific vulnerabilities.
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                    Figure 1: Genomic copy number confounds the interpretation of CRISPR–Cas9 loss-of-function proliferation screens of cancer cell lines.[image: ]


Figure 2: Schematic of the CERES computational model.[image: ]


Figure 3: CERES corrects the copy number effect and improves the specificity of CRISPR–Cas9 essentiality screens while preserving true gene dependencies.[image: ]


Figure 4: CERES estimates guide activity scores for each sgRNA.[image: ]


Figure 5: CERES decreases false-positive differential dependencies.[image: ]


Figure 6: CERES decreases false positives among lineage-specific differential dependencies due to recurrently amplified chromosome arms.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Screen quality and the copy number effect in previously published CRISPR–Cas9 essentiality screens.
(a) Screen quality as measured by area under the receiver operating characteristic curve (AUC) in discriminating between sets of common core essential and nonessential genes in two previously published datasets. (b) sgRNA depletion is regressed against genomic cut sites using a saturating linear model. The fit is plotted in red, and the median depletion at various levels of cuts is shown with horizontal bars. The r-squared of the fit is shown as a function of breakpoint in the inset plot. To the right, the distributions of sgRNAs targeting the ribosome, proteasome, and spliceosome are shown in red, non-targeting sgRNAs in blue, and all other sgRNAs in grey. (c) The fit for all cell lines is shown, as in Figure 1b, for the previously published cell lines. (d) For each dataset, the fits in Figure 1b and in panel c are averaged across cell lines, grouped by p53 mutation status. Shaded regions indicate mean +/− 1 s.d.


Supplementary Figure 2 Copy number–amplified genes are enriched for depletion ranks in CRISPR–Cas9 essentiality screens.
(a) A one-sample K-S test is performed on the depletion ranks of the 100 most amplified genes per cell line in each dataset. The K-S enrichment statistic for each line is plotted against the mean copy number of these 100 genes. Red points indicate cell lines for which these 100 genes are significantly enriched at P < 0.05. (b) As in Figure 1d, genes are ranked by average guide score for cell lines screened in two previously published datasets, and the ranks (median and IQR) of the 100 genes with the highest copy number measurements are plotted and colored by their mean copy number.


Supplementary Figure 3 CERES corrects the copy number effect in CRISPR–Cas9 essentiality screens.
(a) Boxplots of gene dependency scores across copy number levels before and after CERES correction of two previously published datasets. (b) Boxplots as in Figure 3a and panel a filtering for only genes called unexpressed by RNA-seq. (c) The dependency of each gene across cell lines is correlated with its copy number measurements, before and after CERES correction. The distribution of Pearson correlation coefficients is shown for each dataset analyzed for all genes on the left and for unexpressed genes on the right. The mean of each distribution is shown with a dotted line.


Supplementary Figure 4 CERES improves the specificity of CRISPR–Cas9 essentiality screens while preserving data in copy number–amplified regions.
(a) The recall common core essential genes at a 5% FDR of nonessential genes is plotted for each cell line before (red) and after (blue) CERES correction for two previously published datasets. (b) The recall at 5% FDR is plotted after correction using a linear model of copy number correction for the Avana dataset. (c) Using a simple filtering scheme removing all genes with a copy number > 4, the total number of genes filtered per cell line is plotted on the left, and the number of genes per cell line with a CERES gene effect < -0.6 on the right. The means are shown with dotted lines.


Supplementary Figure 5 Example correction of JAK2 amplification in the HEL cell line from the Wang 2017 dataset.
Copy number and gene dependency scores, before and after CERES correction, are plotted as in Figure 3c. JAK2 is highlighted in orange and labeled, as well as RCL1, which is involved in the biogenesis of the 40S ribosomal subunit.


Supplementary Figure 6 CERES preserves known cancer-specific genetic dependencies.
(a-d) Known cancer-specific genetic dependencies are plotted against copy number before (left) and after (right) CERES correction for 342 cell lines. The dependencies plotted are: KRAS dependency colored by KRAS mutation status (a), BRAF dependency colored by BRAF mutation status (b), PIK3CA dependency colored by PIK3CA mutation status (c), and MYCN dependency with neuroblastoma cell lines in purple (d).


Supplementary Figure 7 CERES infers guide activity scores in a previously published dataset.
(a) The composition of guide activity scores inferred by CERES from the Wang 2017 dataset. (b) For the set of 18,501 sgRNAs shared between the Avana and Wang 2017 libraries, sgRNAs are ranked by guide activity scores in each dataset and are plotted against each other, with darker purple representing greater density of sgRNAs.


Supplementary Figure 8 CERES reduces false-positive differential dependencies in two previously published datasets.
(a) The percentage of amplified genes above given thresholds of differential dependencies are plotted as in Figure 5a. (b) The percentage of unexpressed genes above given thresholds of differential dependencies are plotted as in Figure 5b.


Supplementary Figure 9 Differentially dependent genes in breast cancer cell lines.
(a,b) Taking genes that were called differential dependencies in breast lines in the Avana dataset, a differential dependency analysis using a dataset of RNAi screens is plotted for genes on chromosome 8q (a) and other regions (b). (c) Example relationships between highly expressed transcription factors in breast cancer and differential dependency scores after CERES correction. Breast cell lines are highlighted in pink. TRPS1 and GRHL2 are labeled in red, indicating that they are on chromosome 8q.


Supplementary Figure 10 Precision recall of random subsamplings of cell lines.
The F1-measure (harmonic mean of precision and recall) is calculated for each random sub-sampling of cell lines and compared to improvement in F1-measure from the full run of CERES on 342 cell lines.


Supplementary Figure 11 Hyperparameter optimization of the CERES model.
Error of the CERES algorithm evaluated on training and test data at 25 values of the regularization parameter for each of the three datasets analyzed. As the regularization strength is eased (moving from left to right), error on the training set decreases monotonically, while error on the test set decreases then increases.
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