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            Abstract
Cancer is a multistep process that involves mutations and other alterations in oncogenes and tumour suppressor genes1. Genome sequencing studies have identified a large collection of genetic alterations that occur in human cancers2,3,4. However, the determination of which mutations are causally related to tumorigenesis remains a major challenge. Here we describe a novel CRISPR/Cas9-based approach for rapid functional investigation of candidate genes in well-established autochthonous mouse models of cancer. Using a KrasG12D-driven lung cancer model5, we performed functional characterization of a panel of tumour suppressor genes with known loss-of-function alterations in human lung cancer. Cre-dependent somatic activation of oncogenic KrasG12D combined with CRISPR/Cas9-mediated genome editing of tumour suppressor genes resulted in lung adenocarcinomas with distinct histopathological and molecular features. This rapid somatic genome engineering approach enables functional characterization of putative cancer genes in the lung and other tissues using autochthonous mouse models. We anticipate that this approach can be used to systematically dissect the complex catalogue of mutations identified in cancer genome sequencing studies.
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                    Figure 1: CRISPR/Cas9-mediated somatic gene editing in an autochthonous mouse model of lung cancer.[image: ]


Figure 2: Histopathological characterization of tumours from pSECC infected animals.[image: ]


Figure 3: CRISPR/Cas9 efficiently generates insertions and deletions (indels) in autochthonous tumours.[image: ]
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Extended data figures and tables

Extended Data Figure 1 In vitro validation of pSECC.
a, The Green-Go Cre-reporter cell line used to validate pSECC lentiviruses in vitro. Upon infection with a Cre-containing lentivirus, such as pSECC, cells become GFP+, allowing for purification of pSECC-containing cells by FACS. Red and blue triangles denote pairs of loxP sites, with red loxP sites being able to recombine only with other red loxP sites and blue loxP sites being able to recombine only with other blue loxP sites. b, Validation of sgPten-pSECC. Numbers below the bands denote quantitation of protein level relative to empty vector control. c, Validation of sgNkx2-1-pSECC in a cell line that expresses Nkx2-1. d, e, Validation of sgTom-pSECC by fluorescence activated cell sorting (FACS). Briefly, a cell line obtained from a KrasLSL-G12D/+; p53fl/fl;Rosa26LSL-tdTomato/LSL-tdTomato mouse was infected with either empty-pSECC (d) or sgTom-pSECC (e) and cultured for 10 days post-infection, after which time the cells were collected and analysed by FACS.


Extended Data Figure 2 In vivo validation of pSECC.
a, Representative H&E and tdTomato IHC staining of serial sections from lung tumours of KrasLSL-G12D/+; p53fl/fl;Rosa26LSL-tdTomato/LSL-tdTomato mice infected with Empty-pSECC. b–d, Representative H&E and IHC staining of serial sections from negative (b), mixed (c) and positive (d) lung tumours of KrasLSL-G12D/+; p53fl/fl;Rosa26LSL-tdTomato/LSL-tdTomato mice infected with sgTom-pSECC (n = 6). e, Distribution of lung tumours from all mice infected with sgTom-pSECC (n = 6) that were scored as negative, mixed or positive based on tdTomato IHC.


Extended Data Figure 3 Histological analysis of lung tumours obtained from mice infected with pSECC lentiviruses.
a–e, Representative H&E images of lung tumours obtained from mice infected with Empty-pSECC (a), sgTom-pSECC (b), sgNkx2-1-pSECC (c), sgPten-pSECC (d), and sgApc-pSECC (e). f, g, Quantification of tumour burden (total tumour area/total lung area) in KrasLSL-G12D/+ (f) or KrasLSL-G12D/+; p53fl/fl (g) animals 10 weeks after infection with pSECC lentiviruses expressing: control (empty or sgTom, KrasLSL-G12D/+ (n = 4) and KrasLSL-G12D/+; p53fl/fl (n = 7)), sgNkx2-1 (KrasLSL-G12D/+ (n = 2) and KrasLSL-G12D/+; p53fl/fl (n = 6)), sgApc (KrasLSL-G12D/+ (n = 3) and KrasLSL-G12D/+; p53fl/fl (n = 6)) and sgPten (KrasLSL-G12D/+ (n = 4) and KrasLSL-G12D/+; p53fl/fl (n = 3)). h, Quantification of BrdU incorporation (BrdU+ cells per mm2) to assess proliferation of tumour cells from lung tumours in KrasLSL-G12D/+; p53fl/fl animals 10 weeks after infection with pSECC lentiviruses expressing: control (empty or sgTom, n = 4 tumours), sgNkx2-1 (n = 11 tumours), sgApc (n = 10 tumours) and sgPten (n = 15 tumours). Mice were given a pulse of BrdU for 4 h before being euthanized. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001 obtained from two-sided Student’s t-test. All error bars denote s.e.m.


Extended Data Figure 4 IHC-based analysis of mice infected with sgNkx2-1-pSECC.
a–c, Negative (a), mixed (b) and positive (c) lung tumours of mice infected with sgNkx2-1-pSECC. d, Distribution of Nkx2-1 IHC staining status in all sgNkx2-1-pSECC infected animals (n = 8) represented as percent of negative, mixed and positive tumours. Positive tumour, ∼100% of the tumour cells stained positive for Nkx2-1. Mixed tumour, at least ∼30% of tumour cells stained positive for Nkx2-1. Negative tumour, < 25% of the tumour cells stained positive for Nkx2-1.


Extended Data Figure 5 IHC-based analysis of mice infected with sgPten-pSECC.
a–c, Negative (a), mixed (b) and positive (c) lung tumours of mice infected with sgPten-pSECC (n = 9). Positive tumour, ∼100% of the tumour cells stained positive for Pten. Mixed tumour, at least ∼30% of tumour cells stained positive for Pten. Negative tumour, < 25% of the tumour cells stained positive for Pten. Dashed line in b demarcates the positive/negative tumour area.


Extended Data Figure 6 IHC-based analysis of KrasLSL-G12D/+- and KrasLSL-G12D/+; p53fl/fl-sgApc tumours.
a, Representative H&E and IHC staining of serial sections from KrasLSL-G12D/+; p53fl/fl-sgTom (control, denoted as KP-sgTom here), KrasLSL-G12D/+-sgApc (denoted as K-sgApc here) and KrasLSL-G12D/+; p53fl/fl-sgApc (denoted as KP-sgApc here) lung tumours. CCSP, Clara cell secretory protein; SP-C, surfactant protein C. b, Contingency table demonstrating a statistically significantly higher number of β-catenin/Sox9 double-positive tumours in KrasLSL-G12D/+; p53fl/fl-sgApc mice (29/33 tumours, 88%) vs K-sgApc mice (41/58 tumours, 71%) (one-sided chi-square test, P < 0.05). c, Percentage of all tumours that stained positive for nuclear β-catenin that stained positive or negative for Sox9 in KrasLSL-G12D/+- and KrasLSL-G12D/+; p53fl/fl-sgApc mice. d, Contingency table demonstrating a statistically significantly higher number of tumours with Nkx2-1 low/negative areas (which are also SP-C low/negative) in sgApc-pSECC animals compared to sgTom-pSECC control animals (two-sided Fisher’s exact test, P < 0.0001). e, Representative IHC staining of serial sections from an Nkx2-1 Low/Neg lung tumour obtained from a KrasLSL-G12D/+; Apcfl/fl mouse 18 weeks after infection with Adeno-Cre. Inset shows Sox9 staining. Low/neg = tumour that had areas with clear downregulation or complete loss of Nkx2-1 or SP-C as assessed by IHC staining.


Extended Data Figure 7 Representative examples of indels observed in lungs and tumours from mice infected with pSECC lentiviruses.
a–c, Representative indels observed in the Nkx2-1 (a), Pten (b) and Apc (c) locus from sgNkx2-1T1, sgPtenL1 and sgApcT3 samples, respectively. Left panel, details of sequence alignments around the PAM sequence. Right panel, overview of sequence alignments around the PAM sequence. Deletions and insertions are highlighted in black and purple bars, respectively. Inset in a depicts a magnification of an insertion. d, Distribution of indels (in-frame insertions, frameshift insertions, in-frame deletions and frameshift deletions) observed in samples from mice infected with sgNkx2-1-pSECC, sgPten-pSECC and sgApc-pSECC. Amp, mutations across whole PCR amplicon; PAM, mutations across 7 base pair region upstream of the PAM sequence. e, Table summarizing percentages of indels from total mutant reads (left percentage indicates Amp (mutations across whole PCR amplicon) and right percentage indicates PAM (mutations across 7 base pair region upstream of the PAM sequence). All error bars denote s.e.m.


Extended Data Figure 8 Off-target analysis.
a–i, Analysis of off-target editing for sgNkx2-1 (a–c), sgPten (d–f) and sgApc (g–i). Briefly, potential off-target cutting at the top three predicted off-target sites (obtained from (http://crispr.mit.edu/); see Supplementary Table 2) for each sgRNA was assayed by Illumina MiSeq. Each plot corresponds to the fraction of bases mutated per position in 10 bp flanks on either side of the PAM sequence (highlighted in red). Samples were obtained from entire lobes (L) from mice 10 weeks after infection with pSECC lentiviruses expressing sgNkx2-1, sgPten, sgApc or sgTom (control).
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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 Eml4–Alk rearrangement into mouse lung and find that the resulting EML4–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 Sànchez-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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