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            Abstract
We have sequenced the genomes of 110 small cell lung cancers (SCLC), one of the deadliest human cancers. In nearly all the tumours analysed we found bi-allelic inactivation of TP53 and RB1, sometimes by complex genomic rearrangements. Two tumours with wild-type RB1 had evidence of chromothripsis leading to overexpression of cyclin D1 (encoded by the CCND1 gene), revealing an alternative mechanism of Rb1 deregulation. Thus, loss of the tumour suppressors TP53 and RB1 is obligatory in SCLC. We discovered somatic genomic rearrangements of TP73 that create an oncogenic version of this gene, TP73Δex2/3. In rare cases, SCLC tumours exhibited kinase gene mutations, providing a possible therapeutic opportunity for individual patients. Finally, we observed inactivating mutations in NOTCH family genes in 25% of human SCLC. Accordingly, activation of Notch signalling in a pre-clinical SCLC mouse model strikingly reduced the number of tumours and extended the survival of the mutant mice. Furthermore, neuroendocrine gene expression was abrogated by Notch activity in SCLC cells. This first comprehensive study of somatic genome alterations in SCLC uncovers several key biological processes and identifies candidate therapeutic targets in this highly lethal form of cancer.
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                    Figure 1: Genomic alterations in small cell lung cancer.[image: ]


Figure 2: Universal bi-allelic inactivation of TP53 and RB1 in human SCLC.[image: ]


Figure 3: Recurrent rearrangements generating oncogenic variants of TP73.[image: ]


Figure 4: Notch is a tumour suppressor and a key regulator of neuroendocrine differentiation in SCLC.[image: ]


Figure 5: Signalling pathways recurrently affected in SCLC.[image: ]
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                Data deposits

                Affymetrix SNP 6.0, whole-genome, and transcriptome sequencing on human specimen have been deposited at the European Genome-phenome Archive under the accession code EGAS00001000925. Whole-exome and whole-genome sequencing data of murine SCLC tumors can be accessed through (http://www.translational-genomics.uni-koeln.de/scientific-resources/). Microarray data on mouse cell lines is accessible through Gene Expression Omnibus (GEO) accession number GSE69091.
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Extended data figures and tables

Extended Data Figure 1 Genomic analyses in SCLC tumours.
a, Schematic detailing the genomic study and number of samples as well as various steps of analyses for the identification of candidate genes in SCLC. b, Illustration of the number of samples analysed in this study.


Extended Data Figure 2 Clinical molecular-correlation analyses.
a, Survival analysis of SCLC patients based on clinical stage and treatment options (surgery and/or chemotherapy). Statistical significance was determined by log-rank test. b, Analyses of clinical stage and smoking status and the respective effect on number and type of mutations, as well as mutational subclonality in tumours. Statistical significance was determined by Kruskal–Wallis analysis.


Extended Data Figure 3 Genomic characterization of SCLC tumours.
a, Purity and ploidy determined in SCLC tumours by whole-genome sequencing presented as dot density plots showing median and the interquartile range (IQR) b, Subclonal architecture of SCLC in comparison to lung adenocarcinoma (AD). Whole-genome sequencing data of SCLC and of adenocarcinoma (n = 15)11 was analysed for the presence of subclonal populations using clustering of the derived cancer cell fraction (CCF) of all single nucleotide mutations. To compare the emerging subclonal structure, we derived a subclonality score that takes into account the CCF of each sub-population as well as its mutational burden (see Methods). In order to prevent the low sequencing coverage (35× for SCLC and 63× for AD) from causing a systematic underrepresentation of the subclonal diversity in the mutation calls, we computed the contribution of a single read to the CCF on genome-wide average. After systematically determining a threshold within the average increase of CCF per read values (see Methods for details), we determined the group of samples for which a reliable estimation of the subclonality score is not possible (grey area). The subclonality scores of the remaining SCLC cases were then compared to those of the adenocarcinoma cases (P = 0.000232; Mann–Whitney test). c, Schematic representation of candidate genes with significant clustering of mutations in respective protein domains. Somatic mutations and genomic translocations are mapped to the respective protein regions. Hotspot mutations are highlighted in red. d, e, Genomic alterations in the RB1 family proteins p107 (RBL1) and p130 (RBL2) (d), and in KIT and PIK3CA (e). Somatic mutations in therapeutic target genes are listed and mapped to the protein domains of KIT and PIK3CA. Mutations with potential therapeutic implications are highlighted in red.


Extended Data Figure 4 Clinical molecular-correlations of significantly mutated genes.
a, Survival analysis of SCLC patients based on the status of CREBBP/EP300, TP73 or NOTCH alterations. Statistical significance was determined by log-rank test. b, Analysis of CREBBP/EP300, TP73 and NOTCH alterations and their effect on clinical and genetic parameters. Statistical significance was analysed by multinomial logistic regression.


Extended Data Figure 5 Significant somatic copy number alterations in SCLC.
a, Deletions of the chromosomal arm 3p point to the 3p14 (FHIT) and 3p12 (ROBO1) locus. b, Expression analyses of genes encoded on the 3p14.3–3p14.2 and 3p12.2–3p12.2 locus. Histogram displaying the expression of samples with focal deletions (blue) and samples without any copy number alterations (white). Mean and standard error of the mean is plotted for each gene in each group. Significant differences were determined by Mann–Whitney test; *P < 0.05; **P < 0.01. c, d, Focal deletions of the CDKN2A (c) and focal amplifications of IRS2 (d) were found on chromosome 9 and 13, respectively. The copy number (CN) states were computed from SNP array (SNP 6.0) and from whole-genome sequencing (WGS) data. The samples are sorted according to their amplitude of deletions or amplifications. e, Amplifications of IRS2 were determined by FISH analysis. IRS amplifications were quantified based on the ratio of red signals (IRS2-specific probe) to green signals (centromere probe for chromosome 13). Lymphocyte spreads and SCLC tumours without detectable IRS2 amplifications served as negative controls. Scale bar, 100 µm.


Extended Data Figure 6 TP53 and RB1 alterations in SCLC.
a, Distribution of somatic mutations in TP53 and RB1 according to the colour panel provided. b, c, Complex genomic rearrangements in RB1 showing homozygous deletions of exon 1 (b) or inversions within the RB1 gene (c). d, e, Annotated silent or missense mutations in RB1 occur at intron-exon junctions resulting in alternative splicing, intron retention (d) or exon skipping events (e). The coverage at the respective exon junctions is quantified as RPKM values. Sample S02194 is not holding any mutations at intron–exon junctions and is displayed as an example for unaltered splicing of RB1.


Extended Data Figure 7 Chromothripsis in human SCLC.
a, Circos plot of the chromothripsis sample S02353 showing intra- and interchromosomal rearrangements between chromosome 3 and 11. The integral copy number state (iCN) is plotted as a heatmap and assigned to the respective chromosomal regions. The chromosomal context of CCND1 (on chromosome 11) is highlighted. b, Circos plots displaying fusion transcripts identified in the SCLC chromothripsis cases (Supplementary Table 12) are represented as blue (S02297) or red (S02353) lines for genes located on chromosome 3 and 11. c, Immunohistochemistry staining for p53, p14 (ARF) and p16 on FFPE material of the chromothripsis sample S02297. Original magnification, ×400.


Extended Data Figure 8 Recurrent genomic translocations in SCLC.
a, Recurrent genomic translocations (n = 14) affecting chromosome 22 are illustrated as a Circos plot highlighting the respective rearrangements as red connecting lines. b, Breakpoints in chromosome 22 map to intron 1 of TTC28 and cluster downstream of the LINE1 (L1Hs) retrotransposon. Each arrow indicates the sample and the respective chromosomal position the segment translocates to. c, Schematic representation of the TP73 locus (hg19) describing complex intrachromosomal rearrangements of TP73 identified for S02397 and S02243. Recurrent somatic mutations identified in Fig. 1a are mapped to the respective exons. d, Validation of somatic TP73 translocations. Genomic regions involved in the TP73 rearrangements were amplified in matched normal (N) and tumour (T) samples. The expected band size is indicated in brackets. The respective PCR products were subjected to Sanger sequencing to confirm the genomic breakpoint. e, Copy-number state of the TP73 gene in samples involved in genomic translocations.


Extended Data Figure 9 Transcriptome profile of human SCLC tumours.
a, Unsupervised hierarchical clustering of transcriptome sequencing data of 69 SCLC specimens as described in Fig. 4a. Each sample is annotated for the genomic alterations described in Fig. 1. Black filled boxes describe the presence of a genomic event. b, Expression values of CHGA, GRP, ASCL1 and DLK1 (FPKM) are represented as dot density plots for the subgroups identified in (a). Red lines highlight the median value for each group. c, Expression values of the neuroendocrine markers SYP (synaptophysin) and NCAM1 (CD56) plotted as scatter plots for all SCLC samples. Green lines indicate thresholds for no expression (FPKM<1).


Extended Data Figure 10 Notch is a tumour suppressor in SCLC regulating neuroendocrine differentiation.
a, Somatic mutations identified in NOTCH3 and NOTCH4 are mapped to the protein domains. Damaging mutations are highlighted in red. Mutations found in murine SCLC tumours are highlighted in blue. b, Quantification of tumour lesions and per cent tumour area to lung in TKO (n = 5) and TKO;N1ICD (n = 4) mice 3 months after Ad-Cre instillation. Statistical significance was determined by two-tailed unpaired Student’s t-test. c, Representative immunohistochemistry for GFP or tdTomato in lungs from TKO;Rosa26mT/mG mice approximately 6 months after tumour induction. Left scale bar, 500 μm; right and middle: scale bar, 50 μm. d, Representative immunostaining for Notch2 in lungs from TKO;Rosa26N2ICD mice approximately 6 months after tumour induction. Left scale bar, 500 μm; right scale bar, 50 μm. e, Quantification of the per cent recombination at the Rosa26 locus in TKO;Rosa26mT/mG (n = 6) and TKO;Rosa26N2ICD mice (n = 10; two-tailed unpaired Student’s t-test). f, Cell viability assay of the human SCLC cell line NJH29 transfected with a N1ICD (Notch1) expression plasmid or empty vector control (Ctrl) (3 independent biological replicas with 3 technical replicas each). Fold growth was normalized to day 0; representative images were taken on day 6. Scale bar, 50 μm. g, Immunohistochemistry staining in FFPE embedded tissues of TKO and TKO;N2ICD mice. Scale bar, 50 μm. h, Quantitative RT–PCR validation of Notch1 induction and the expression of common Notch target genes after N1ICD transfection in murine SCLC cells (three biological replicas; two-tailed paired Student’s t-test). i, Mouse SCLC cells transfected with control or N1ICD (Notch1) were analysed 48 h later by gene expression microarrays. Gene Set Enrichment Analysis (GSEA) was performed on these data; selected significant gene sets are displayed. j, k, EdU analysis of mouse (j) and human (k) SCLC cells (three independent biological replicas with three technical replicas each; two-tailed paired Student’s t-test). *P < 0.05; **P < 0.01; ***P < 0.001. Data are represented as mean ± s.d.
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