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            Abstract
Synthetic lethality—an interaction between two genetic events through which the co-occurrence of these two genetic events leads to cell death, but each event alone does not—can be exploited for cancer therapeutics1. DNA repair processes represent attractive synthetic lethal targets, because many cancers exhibit an impairment of a DNA repair pathway, which can lead to dependence on specific repair proteins2. The success of poly(ADP-ribose) polymerase 1 (PARP-1) inhibitors in cancers with deficiencies in homologous recombination highlights the potential of this approach3. Hypothesizing that other DNA repair defects would give rise to synthetic lethal relationships, we queried dependencies in cancers with microsatellite instability (MSI), which results from deficient DNA mismatch repair. Here we analysed data from large-scale silencing screens using CRISPR–Cas9-mediated knockout and RNA interference, and found that the RecQ DNA helicase WRN was selectively essential in MSI models in vitro and in vivo, yet dispensable in models of cancers that are microsatellite stable. Depletion of WRN induced double-stranded DNA breaks and promoted apoptosis and cell cycle arrest selectively in MSI models. MSI cancer models required the helicase activity of WRN, but not its exonuclease activity. These findings show that WRN is a synthetic lethal vulnerability and promising drug target for MSI cancers.
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                    Fig. 1: Genome-scale functional genomic screening identifies genes that are synthetic lethal with MSI.[image: ]


Fig. 2: WRN is a synthetic lethal partner with MSI.[image: ]


Fig. 3: WRN depletion in MSI cells induces cell cycle arrest, apoptosis and a p53 response.[image: ]


Fig. 4: WRN depletion in MSI cells leads to accumulation of DSBs.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Functional genomic screening identifies that MSI cancers are selectively dependent on WRN.
a, Screened cell lines plotted by number of deletions and fraction of deletions occurring in microsatellite (MS) regions. Genes involved in MMR that are lost are indicated by different colours. None, no predicted loss of MMR genes. Multiple, loss of more than one MMR gene. n/a, not available. b, Using PCR-based MSI phenotyping, P values (empirical Bayes moderated t-test) were plotted against the mean difference of dependency scores between MSI and MSS cell lines for Achilles (n = 19 MSI; n = 291 MSS) and DRIVE (n = 23 MSI; n = 252 MSS). c, Dependency scores for each RecQ helicase plotted for MSI and MSS cell lines from Achilles (n = 32 MSI; n = 413 MSS) and DRIVE (n = 38 MSI; n = 337 MSS). Q values (Wilcoxon rank-sum test) for Achilles/DRIVE are 5.0 × 10−8/1.7 × 10−8, 0.73/0.52, 0.73/0.85, 0.25/0.73 and 0.08/not available for WRN, RECQL, BLM, RECQL5 and RECQL4, respectively. Centre lines indicate medians. Boxes indicate 25th and 75th percentiles; whiskers extend to 1.5× IQR beyond the box and individual data points are represented by dots. d, Sensitivity and positive predictive value of indicated relationship between biomarker and genetic dependency. e, Dependency score distributions and associated biomarkers for example biomarker–genetic dependency relationships. Width of coloured regions represent density estimates. Horizontal dashed line: threshold used to separate dependent and non-dependent cell lines. n = 37, 14, 541 MSI cell lines from typical lineage, MSI cell lines from atypical lineage, MSS cell lines, respectively. n = 120/546 KRAS hotspot mutants/other; 65/601 BRAF hotspot mutants/other; 86/580 PIK3CA hotspot mutants/other.


Extended Data Fig. 2 MSI cells from MSI-predominant lineages have a greater mutational burden and WRN dependency.
a, WRN dependency scores plotted by lineage, sub-classified by MSI and MSS status. Boxes indicate 25th and 75th percentiles; whiskers extend to 1.5× IQR beyond the box and individual data points are represented by dots. b, Microsatellite deletions in cell lines classified as MSS (n = 541), MSI from an infrequent MSI lineage (n = 45), or MSI from an MSI-predominant lineage (n = 54). *P = 1.7 × 10−9, Wilcoxon signed-rank test. Width of coloured regions represent density estimates. c, MSI cell lines plotted by their average WRN dependency and number of microsatellite deletions. Lineages are colour-coded. d, MSI cell lines from MSI-predominant lineages are plotted by their average WRN dependency and number of microsatellite deletions. Lineages are colour-coded.


Extended Data Fig. 3 WRN depletion preferentially impairs MSI cell viability.
a, Immunoblot of WRN and GAPDH levels 4 days after sgRNA transduction. b, Relative viability following sgRNA transduction in a competitive growth assay. Data are mean ± s.e.m. (n = 6 biological replicates). Comparison between WRN sgRNAs and negative controls at day 10; two-way ANOVA; *P = 0.37, †P = 1.2 × 10−7, ‡P = 0.23, §P = 2.7 × 10−19. c, Clonogenic assay after shRNA transduction with a non-targeting negative control (RFP shRNA (shRFP)), a pan-essential control (PSMD2 shRNA (shPSMD2)) and two shRNAs against WRN (shWRN1 and shWRN2). d, Relative staining intensity of the clonogenic assay. Data are mean ± s.e.m. (n = 3 technical replicates). Representative data from one experiment are shown. All experiments were performed three times.

Source data



Extended Data Fig. 4 WRN depletion preferentially induces cell cycle arrest and apoptosis in MSI cells.
a, Gating strategy. For cell cycle analyses (top), debris and dead cells were excluded based on forward scatter-area (FSC-A) and side scatter-area (SSC-A) profiles. Subsequently, singlets were identified based on FSC-A and forward scatter-height (FSC-H) profiles. These singlets were then analysed for DAPI (DNA content) and EdU–Alexa Fluor 647 (EdU–647) staining intensities. EdU+ cells (cells exhibiting higher staining intensity than unstained cells) were classified as ‘S phase’. EdU− cells were classified either as ‘G1 phase’ or ‘G2/M phase’ based on their DNA content. For apoptosis analyses (bottom), debris was excluded based on FSC-A and SSC-A profiles. The remaining samples were analysed for annexin-V–FITC and propidium iodide (PI) staining intensities. Subsequently, annexin-V+ cells and PI+ cells (cells exhibiting higher staining intensity than unstained cells) were identified. On the basis of the positivity of these markers, cells were classified into one of the following three categories: viable (annexin-V−PI−), early apoptosis (annexin-V+PI−) and late apoptosis/nonapoptotic death (annexin-V−PI+ and annexin-V+PI+). b, Cell cycle evaluation 4 days after sgRNA transduction. Comparison between Chr.2-2 sgRNA and WRN sgRNAs for the percentage of S-phase cells; two-way ANOVA; *P = 0.16, †P = 0.67, ‡P = 6.1 × 10−7, §P = 3.5 × 10−4, ‖P = 0.69, ¶P = 2.6 × 10−6. c, Annexin-V and propidium iodide staining evaluating early apoptosis and late apoptosis/non-apoptotic cell death 7 days after sgRNA transduction. Comparison between Chr.2-2 sgRNA and WRN sgRNAs for the percentage of dying/dead cells; two-way ANOVA; *P = 0.10, †P = 0.41, ‡P = 3.4 × 10−3, §P = 3.6 × 10−4, ‖P = 0.57, ¶P = 3.6 × 10−5. d, Annexin V and propidium iodide staining 4 and 8 days after shRNA transduction. Comparison between RFP shRNA and WRN shRNAs; two-way ANOVA; 1.3 × 10−3 (SW837 day 4), 1.6 × 10−2 (SW837 day 8), 1.2 × 10−6 (KM12 day 4), 4.3 × 10−9 (KM12 day 8). Three biological replicates are presented in tandem for b–d. Representative data from one experiment are shown. All experiments were performed twice.

Source data



Extended Data Fig. 5 WRN depletion activates a p53 response in MSI cells.
a, Phosphorylated p53(S15) immunofluorescence images following sgRNA transduction in ovarian cell lines (ES2 and OVK18). Scale bar, 50 μm. b, Nuclear phosphorylated p53(S15) staining intensity per cell following WRN knockout compared to control sgRNA. Data were analysed as fold change (log(WRN sgRNA/control sgRNA)); mean = 0.059 (OVK18), mean = −0.037 (ES2). Difference in fold change between OVK18 and ES2; contrast test of least-squares means; P < 2 × 10−16. n indicates the number of cells treated with Chr.2-2 sgRNA, WRN sgRNA 2, WRN sgRNA 3, respectively, for OVK18 (3,982, 1,143, 2,740) and ES2 (4,916, 3,072, 3,690). c, p21 immunofluorescence images following sgRNA transduction in colon cell lines (SW620, KM12 and SW48). KM12 is a p53-impaired MSI cell line. Scale bar, 50 μm. d, Nuclear p21 staining per cell. Data were analysed as fold change (log(WRN sgRNA/control sgRNA)); WRN knockout compared to control in SW48 cells was compared to either SW620 (P < 2 × 10−16; contrast test of least-squares means) or KM12 cells (P < 2 × 10−16; contrast test of least-squares means). Mean = 0.13 (SW48), mean = −0.016 (SW620), mean = −0.032 (KM12). n indicates the number of cells analysed following treatment with Chr.2-2 sgRNA, WRN sgRNA 2, WRN sgRNA 3, respectively, for SW48 (16,203, 7,617, 13,257), SW620 (7,278, 13,768, 11,576) and KM12 (16,117, 14,200, 11,301). e, p21 immunofluorescence images following sgRNA transduction in ovarian cell lines. Scale bar, 50 μm. f, Nuclear p21 staining intensity per cell. Data were analysed as fold change (log(WRN sgRNA/control sgRNA)); WRN knockout compared to control in OVK18 cells was compared to ES2 cells; contrast test of least-squares means; P < 2 × 10−16. Mean = 0.157 (OVK18), mean = −0.010 (ES2). n indicates the number of cells analysed following treatment with Chr.2-2 sgRNA, WRN sgRNA 2, WRN sgRNA 3, respectively, for OVK18 (3,436, 5,876, 8,275) and ES2 (9,117, 6,834, 11,576). g, WRN dependency for cells lines classified as MSS (n = 514), MSI from an infrequent MSI lineage (n = 6 and 8 for p53-intact and -impaired), or MSI from an MSI-predominant lineage (n = 23 and 13 for p53-intact and -impaired) and further subclassified by p53 status. b, d, f, Centre line indicates the median, boxes indicate the 25 to 75th percentiles, whiskers indicate the 1st to 99th percentiles and dots indicate outliers. g, Boxes indicate 25th and 75th percentiles; whiskers extend to 1.5× IQR beyond the box and individual data points are represented by dots. Representative data from one experiment are shown. a–f, Experiments were performed twice.
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Extended Data Fig. 6 WRN depletion preferentially induces DSBs in MSI cells.
a, Nuclear γH2AX foci per cell following sgRNA transduction in colon cell lines. b, γH2AX immunofluorescence images following sgRNA transduction in ovarian cell lines. Scale bar, 50 μm. c, Nuclear γH2AX staining intensity per cell following sgRNA transduction. Difference in fold change between OVK18 and ES2; contrast test of least-squares mean; P < 2 × 10−16. Mean = 0.147 (OVK18) and mean = 0.055 (ES2). n indicates the number of cells analysed following treatment with Chr.2-2 sgRNA, WRN sgRNA 2, WRN sgRNA 3, respectively, for OVK18 (2,612, 4,823, 6,164) and ES2 (6,429, 6,469, 6,388). Centre line indicates the median, boxes indicate the 25 to 75th percentiles, whiskers indicate the 1st to 99th percentiles and dots indicate outliers. d, Nuclear γH2AX foci per cell following sgRNA transduction in ovarian cell lines. e, Fluorescence of Apple–53BP1 foci in colon cell lines exogenously expressing Apple–53BP1(truncated). Scale bar, 50 μm. f, Nuclear Apple–53BP1 foci per cell following sgRNA transduction in colon cell lines. g, Fluorescence of Apple–53BP1 foci following sgRNA transduction in ovarian cell lines exogenously expressing Apple–53BP1(truncated). Scale bar, 50 μm. h, Nuclear Apple–53BP1 foci per cell in ovarian cell lines. Representative data from one experiment are shown. All experiments were performed twice.

Source data



Extended Data Fig. 7 WRN depletion preferentially induces DSB responses in MSI cells.
a, Phospho-ATM(S1981) immunofluorescence images following sgRNA transduction in colon cell lines. Scale bar, 50 μm. b, Nuclear phospho-ATM(S1981) foci per cell following sgRNA transduction in colon cell lines. c, Phospho-ATM(S1981) immunofluorescence images following sgRNA transduction in ovarian cell lines. Scale bar, 50 μm. d, Nuclear phospho-ATM(S1981) foci per cell following sgRNA transduction in ovarian cell lines. e, γH2AX, phospho-CHK2(T68), total CHK2, WRN and GAPDH levels following shRNA transduction. Representative data from one experiment are shown. All experiments were performed twice.

Source data



Extended Data Fig. 8 WRN is preferentially recruited to DNA in MSI cells.
a, Telomere PNA-FISH of metaphase spreads with or without doxycycline induction of WRN shRNA 1. Hollow arrowhead, chromosomal breaks. Filled arrowhead, chromosomal fragments. b, WRN immunofluorescence images following treatment with WRN shRNA 1 or control shRNA (WRN-C911 shRNA 1). c, WRN immunofluorescence images. Scale bar, 20 μm. d, Analyses of WRN co-localization with the nucleolar marker, fibrillarin, by Pearson’s co-localization coefficients. Data are mean ± s.e.m. (n = 5 biological replicates); two-tailed Student’s t-test; *P = 1.0 × 10−3, †P = 4.3 × 10−5, ‡P = 0.014. Representative data from one experiment are shown. All experiments were conducted twice.

Source data



Extended Data Fig. 9 Paralogue dependencies and hypermutation alone cannot explain the WRN–MSI relationship.
a, Estimated association between WRN dependency and MSI status after controlling for loss of indicated genes (effect size estimates for the linear model are plotted against significance). If loss of a gene can fully account for the MSI–WRN relationship, the difference in dependency and significance would be 0. Genes for which the loss are typically associated with insertion and deletion (indel) mutations (over half of loss events) are highlighted in red. n = 51 MSI, n = 541 MSS. b, Average WRN dependency score for MSS and MSI lines stratified by POLE status (n = 4, 5, 35, 497, 2, 12, 5, 10, 22 cell lines per category in order of left to right). Boxes indicate 25th and 75th percentiles; whiskers extend to 1.5× IQR beyond the box and individual data points are represented by dots.


Extended Data Fig. 10 MMR deficiency contributes to WRN dependency.
a, Flow-cytometric host-cell reactivation assay measuring the ability of the indicated cell lines to repair a G:G mismatch in a plasmid reporter, thus activating the fluorescence reporter and measuring MMR activity. Data are mean ± s.e.m. from three independent experiments; two-tailed Student’s t-test, *P = 5.5 × 10−2, †P = 2.3 × 10−3; two-way ANOVA, ‡P = 3.6 × 10−8. b, Immunoblot. γH2AX, WRN, MLH1, MSH3 and GAPDH levels following shRNA transduction in HCT116 cells with or without MMR restoration. c, Relative viability of HCT116 derivatives 7 days after shRNA transduction. Data are mean ± s.e.m. (n = 6 biological replicates); two-way ANOVA; P = 5.7 × 10−20 (* compared to †), P = 3.3 × 10−12 († compared to ‡), P = 1.6 × 10−16 († compared to §). c, Immunoblot. γH2AX, WRN, MLH1, MSH3 and GAPDH levels following shRNA transduction in HCT116 derivatives. d, Clonogenic assay after shRNA transduction for 15 days. e, Relative staining intensity of the clonogenic assay. Data are mean ± s.e.m. (n = 3 biological replicates); two-way ANOVA; P = 3.6 × 10−6 (* compared to †), P = 8.5 × 10−8 († compared to ‡), P = 2.8 × 10−8 († compared to §). b–f, Representative data from one experiment are shown. All experiments were conducted twice except in a, for which experiments were conducted three times.
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