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            Abstract
Chromosomal rearrangements have a central role in the pathogenesis of human cancers and often result in the expression of therapeutically actionable gene fusions1. A recently discovered example is a fusion between the genes echinoderm microtubule-associated protein like 4 (EML4) and anaplastic lymphoma kinase (ALK), generated by an inversion on the short arm of chromosome 2: inv(2)(p21p23). The EML4â€“ALK oncogene is detected in a subset of human non-small cell lung cancers (NSCLC)2 and is clinically relevant because it confers sensitivity to ALK inhibitors3. Despite their importance, modelling such genetic events in mice has proven challenging and requires complex manipulation of the germ line. Here we describe an efficient method to induce specific chromosomal rearrangements in vivo using viral-mediated delivery of the CRISPR/Cas9 system to somatic cells of adult animals. We apply it to generate a mouse model of Eml4â€“Alk-driven lung cancer. The resulting tumours invariably harbour the Eml4â€“Alk inversion, express the Eml4â€“Alk fusion gene, display histopathological and molecular features typical of ALK+ human NSCLCs, and respond to treatment with ALK inhibitors. The general strategy described here substantially expands our ability to model human cancers in mice and potentially in other organisms.
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                    Figure 1: Induction of Eml4â€“Alk rearrangement in murine cells using the CRISPR-Cas9 system.[image: ]


Figure 2: Intratracheal delivery of Ad-EA leads to lung cancer formation in mice.[image: ]


Figure 3: Lung tumours induced by Ad-EA infection harbour the Eml4â€“Alk inversion.[image: ]


Figure 4: Ad-EA-induced lung tumours respond to crizotinib treatment.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Human and murine Eml4â€“Alk.
a, Alignment of human EML4 exon 13 and mouse Eml4 exon 14. b, Alignment of the junction between the human EML4â€“ALK (variant 1) and the predicted murine Eml4â€“Alk proteins.


Extended Data Figure 2 Induction of the Npm1â€“Alk translocation in NIH/3T3 cells.
a, Schematic of the Npm1â€“Alk translocation. Red arrows indicate the sites recognized by the sgRNAs. b, Sequences recognized by the sgRNAs and location of primers used to detect the Npm1â€“Alk and Alkâ€“Npm1 rearrangement (top panel). PCR on genomic DNA extracted from NIH/3T3 co-transfected with pX330 constructs expressing the indicated sgRNAs (middle panel). Sequences of four independent subclones obtained from the PCR products and representative chromatogram (bottom panel). c, Detection of the Npm1â€“Alk fusion transcript by RTâ€“PCR on total RNAs extracted from NIH/3T3 cells co-transfected with the indicated pX330 constructs (left panel). The PCR band was extracted and sequenced to confirm the presence of the correct Npm1â€“Alk junction (bottom-right panel). Representative results from two independent experiments.


Extended Data Figure 3 Comparison of dual and single sgRNA-expressing plasmids.
a, Schematic of pX330 (A) and its derivatives (Bâ€“E) used in these experiments. NIH/3T3 were transfected with these constructs and lysed to extract total RNA and genomic DNA. b, RNAs were analysed by northern blotting with probes against the Alk (left) or Eml4 (right) sgRNAs. c, d, The DNA samples were subjected to surveyor assays (c), or amplified by PCR to detect the Eml4â€“Alk inversion (d).


Extended Data Figure 4 Induction of the Eml4â€“Alk inversion in primary MEFs using an adenoviral vector expressing Flagâ€“Cas and tandem sgRNAs.
a, Schematic of the adenoviral vectors. b, Immunoblot using an anti-Flag antibody on lysates from MEFs infected with the indicated adenoviruses. c, Small-RNA northerns using probes against sgEml4 and sgAlk on total RNAs from cells infected with Ad-Cas9 or Ad-EA. d, PCR-mediated detection of the Eml4â€“Alk inversion in MEFs infected with Ad-Cas9 or Ad-EA for the indicated number of days. e, Standard curve generated performing quantitative PCR analysis on genomic DNA containing a known fraction of Eml4â€“Alk alleles. Average of two independent experiments. f, Quantification of the fraction of MEFs harbouring the Eml4â€“Alk inversion at the indicated time points after infection with Ad-EA or Ad-Cas9. Values are mean of three independent infectionsÂ Â±Â s.d.


Extended Data Figure 5 Radiologic response of Ad-EA-induced tumours to crizotinib treatment.
ÂµCT images from crizotinib- or vehicle-treated mice at day 0 and after 2Â weeks of treatment.


Extended Data Table 1 Mouse cohortsFull size table


Extended Data Table 2 Response to crizotinib treatmentFull size table


Extended Data Table 3 Oligonucleotides used in this studyFull size table


Extended Data Table 4 Primer pairs and PCR reactionsFull size table
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        Editorial Summary
Gene editing reveals lung cancer mechanisms
The bacterial CRISPR/Cas9 system allows rapid and precise genome editing of somatic cells and is proving a useful tool for the generation of mouse models of human disease.
Two groups reporting in this issue of Nature have now used the technique to introduce genetic alterations found in human lung tumours into the lungs of mice. Danilo Maddalo et al. introduce the Eml4â€“Alk rearrangement into mouse lung and find that the resulting EML4â€“ALK fusion protein drives the development of lung tumours with histopathology similar to that seen in human lung cancers carrying this alteration. Moreover, they show that an inhibitor of the ALK kinase leads to tumour regression. Francisco SÃ nchez-Rivera et al. show that loss-of-function of several known tumour suppressor genes cooperates with other genetic alterations in promoting the development of lung cancer. Different combinations of genetic alterations cause lung tumours with distinct molecular and histopathological features. These studies demonstrate the power of the CRISPR/Cas9 system to probe the function of putative oncogenes and tumour suppressor genes in mouse models more rapidly than previous approaches.
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