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            Abstract
Integrated genomic analysis of 456 pancreatic ductal adenocarcinomas identified 32 recurrently mutated genes that aggregate into 10 pathways: KRAS, TGF-β, WNT, NOTCH, ROBO/SLIT signalling, G1/S transition, SWI-SNF, chromatin modification, DNA repair and RNA processing. Expression analysis defined 4 subtypes: (1) squamous; (2) pancreatic progenitor; (3) immunogenic; and (4) aberrantly differentiated endocrine exocrine (ADEX) that correlate with histopathological characteristics. Squamous tumours are enriched for TP53 and KDM6A mutations, upregulation of the TP63∆N transcriptional network, hypermethylation of pancreatic endodermal cell-fate determining genes and have a poor prognosis. Pancreatic progenitor tumours preferentially express genes involved in early pancreatic development (FOXA2/3, PDX1 and MNX1). ADEX tumours displayed upregulation of genes that regulate networks involved in KRAS activation, exocrine (NR5A2 and RBPJL), and endocrine differentiation (NEUROD1 and NKX2-2). Immunogenic tumours contained upregulated immune networks including pathways involved in acquired immune suppression. These data infer differences in the molecular evolution of pancreatic cancer subtypes and identify opportunities for therapeutic development.
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                    Figure 1: Molecular classes and transcriptional networks defining PDAC.


Figure 2: Molecular characterization of the squamous class.


Figure 3: Immune pathways in PDAC.


Figure 4: Gain of function TP53 mutations and loss of TAp63 regulate key GPs associated with the squamous class.
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Extended data figures and tables

Extended Data Figure 1 Mutational landscape of PC.
a, Barplot representing the somatic mutation rate for each of the 456 samples included in this analysis.b, Non-silent mutations (blue), amplifications (≥8 copies, red), deletions (purple) and structural variants (SV, green) ranked in order of exclusivity. c, Significantly mutated genes identified by OncodriverFM. An asterisk denotes a significantly mutated gene identified by both MutSigCV and OncodriverFM. d, PC mutation functional interaction (FI) sub-network identified by the ReactomeFI cytoscape plugin. Mutated genes are indicated as coloured circles and linker genes (that is, genes not significantly mutated but highly connected to mutated genes in the network) indicated as coloured diamonds. Different node colours indicate different network clusters or closely interconnected genes. P values represent FDR < 0.05. Pathways significantly enriched in the identified FI sub-network are shown in the accompanying bar graph. Linker genes were not included in the enrichment analysis. Pie chart representing significantly altered genes and pathways in PC.


Extended Data Figure 2 Selected genomic events in PC.
a, Lollipop plots showing the type and location of mutations in the RNA processing genes RBM10, SF3B1 and U2AF1 and the tumour suppressor TP53.In each plot, mutations observed across multiple cancers (top plot; PanCancer) are compared with those observed in the current study (bottom plot; PDAC). Significant recurrent mutations are labelled above the relevant lollipop. b, Regions of copy number alteration showing concordant gene expression changes. For each of the indicated chromosomes, significant GISTIC peaks are shown at their respective genomic locations (x axis) as grey bars. Each gene is represented by a dot at its specific chromosomal coordinate, with blue representing concordant copy number loss and gene downregulation and red representing concordant copy number amplification (copy number ≥ 8) and gene upregulation. Significance of concordant copy number/expression change is measured as a value of −log10 (q-value) times the sign of the direction of change. Dotted lines represent a significance threshold of −log10 (q-value = 0.05) times the sign of the direction of change. Genes showing concordant copy number/expression changes and overlapping GISTIC peaks are listed above the plot. Asterisk denotes known PC oncogenes showing amplification but non-significant concordant copy number/expression change.


Extended Data Figure 3 Classification of PC into 4 classes.
a, Unsupervised classification of PC RNAseq using NMF. Solutions are shown for k = 2 to k = 7 classes. A peak cophenetic correlation is observed for k = 4 classes. b, Silhouette information for k = 4 classes. c–e, Boxplots representing QPURE, stromal signature scores and immune signature scores stratified by class. Boxplots are annotated by a Kruskall–Wallis P value. For comparisons the following sample sizes were used: ADEX (n = 16); immunogenic (n = 25); squamous (n = 25); and pancreatic progenitor (n = 30). f, Heatmap showing differential gene expression between classes. Samples with positive silhouette widths were retained for ‘sam’ analysis. g, Heatmap showing overlap of the 4 classes identified in the current study and Collisson et al. classification27.


Extended Data Figure 4 Identification of 4 robust PC classes in 232 PCs with mixed low and high cellularity.
a, Unsupervised classification of PC expression array data representing 232 samples using NMF. Solutions are shown for k = 2 to k = 7 classes. b, Silhouette information for k = 4 classes. c, Heatmap showing differential gene expression between classes. d, Boxplots representing QPURE, stromal signature scores and immune signature scores stratified by class. e, Boxplots representing ADEX, pancreatic progenitor, squamous and immunogenic signature scores defined using the RNA-seq PC set stratified by class. Boxplots in d and e are annotated by a Kruskall–Wallis P value. For comparisons the following sample sizes were used: ADEX (n = 49); immunogenic (n = 67); squamous (n = 71); and pancreatic progenitor (n = 45).


Extended Data Figure 5 Characterization of PC subtypes.
a, Heatmap showing the statistical significance of correlations observed between the expressions of genes significantly expressed in each PC class and gene programmes identified by WGCNA. Pearson correlations and Student’s asymptotic P values are provided in each cell. b, Principal component analysis (PCA) using methylation data. Plot showing pairwise comparisons of samples distributed along the identified principle components (PC). Adjacent non-tumorous pancreatic samples represented as green points cluster as a distinct group. PC samples represented by points coloured brown (ADEX), blue (squamous), orange (pancreatic progenitor) and red (immunogenic) cluster together. c, Venn diagram showing the number of common and unique genes differentially methylated in the indicated PC subtypes when compared to adjacent non-tumorous pancreas. It is observed that distinct subsets of genes are differentially methylated in the 4 PC subtypes. d, Heatmap showing genes that are significantly methylated between tumours comprising the squamous class and all other classes. Methylation values for the same genes in adjacent non-tumorous pancreas are also shown. e–h, Plots showing regulation of gene expression by methylation. Hyper- or hypomethylation of the indicated probe is associated with either the concordant downregulation or upregulation of the indicated gene. Pearson correlation and adjusted P values are provided for each gene methylation comparison. Boxplot colours designate class: ADEX (brown); immunogenic (red); squamous (blue); and pancreatic progenitor (orange). Single letter designations representing the first letter of each class are provided under the relevant boxes in each plot.


Extended Data Figure 6 Core gene programmes (GP) defining the squamous class.
Each panel shows from left to right: (i) a heatmap representing the genes in the specified gene programme most correlated with the indicated PC class with tumours ranked according to their gene programme module eigengene values (MEs) (PC classes are designated by colour as follows: ADEX (brown); pancreatic progenitor (orange); immunogenic (red); and squamous (blue)); (ii) Kaplan–Meier analysis comparing survival of patients having either high or low gene programme MEs; (iii) pathways significantly enriched in a given GP functional interaction (FI) sub-network defined by the ReactomeFI Cytoscape plugin. P values represent FDR < 0.05.


Extended Data Figure 7 Gene programme defining the pancreatic progenitor class.
a, Panel showing from left to right: (i) a heatmap representing the genes in GP1 most correlated with the pancreatic progenitor class with tumours ranked according to their GP1 module eigengene values (MEs); (ii) Kaplan–Meier analysis comparing survival of patients having either high or low GP1 MEs; (iii) pathways significantly enriched in a GP1 FI sub-network defined by the ReactomeFI Cytoscape plugin. P values represent FDR <0.05. b, Network diagram depicting pathways significantly enriched in GP1 (FDR <0.0001). Different node colours indicate different network clusters or closely interconnected genes.


Extended Data Figure 8 Gene programmes defining the ADEX class.
a, b, Panel showing from left to right: (i) a heatmap representing the genes in the specified GP most correlated with the ADEX class with tumours ranked according to their GP module eigengene values (MEs); (ii) Kaplan–Meier analysis comparing survival of patients having either high or low GP MEs; (iii) pathways significantly enriched in a GP FI sub-network defined by the ReactomeFI Cytoscape plugin. P values represent FDR <0.05. c, Network diagram depicting pathways significantly enriched in GP9 (FDR <0.0001). Different node colours indicate different network clusters or closely interconnected genes. Genes comprising GP9 are indicated as coloured circles, whereas linker genes (genes not comprising GP9 but forming multiple connections in the network) are indicated as coloured diamonds. d, Network diagram depicting pathways significantly enriched in GP10 (FDR <0.0001). Different node colours indicate different network clusters or closely interconnected genes.


Extended Data Figure 9 Stratification of PC RNASeq data according to Moffitt et al.
a, Heatmap showing the stratification of the PC cohort of the current study using the tumour subtype classifier published in Moffitt et al.28. PCs were classified by consensus clustering using the top 50 weighted genes associated with the basal-like or classical subtypes. b, Boxplots showing the distribution of normal and activated stroma signature scores between the 4 PC classes identified in the current study. Boxplots are annotated by a Kruskall–Wallis P value. A significant difference in activated stroma signature scores was observed between squamous and ADEX tumours P value < 0.01 (t-test). Boxplot colours designate class: ADEX (brown); immunogenic (red); squamous (blue); and pancreatic progenitor (orange). c, Plots showing correlation between tumour cellularity, presented as a QPURE score, and either activated or normal stroma signature scores. Plots are annotated with Pearson correlation scores and significance values, with a linear fit represented by a solid line. Sample ICGC_0338, a rare acinar cell carcinoma is highlighted. This sample exhibits near 100% cellularity and has low activated or normal stroma signature scores. d, Principal component analysis (PCA) using methylation data. Plot showing pairwise comparisons of samples distributed along the identified principle components (PC). Adjacent non-tumorous pancreatic samples represented as green points cluster as a distinct group relative to ADEX samples (brown and red points). Rare acinar cell carcinomas (red) cluster with other ADEX samples (brown). All other PC samples are shown as grey points. e, Plot showing the correlation of expression of representative genes expressed in acinar cell carcinoma sample ICGC_0338 compared to the median expression of the same genes across all other ADEX samples. A red shaded region encompasses genes showing high median expression in all other ADEX but low expression in ICGC_0338. A brown shaded region encompasses genes showing high median expression in all other ADEX and correlatively high expression in ICGC_0338. Pearson’s correlation and significance are indicated.


Extended Data Figure 10 Gene programmes defining the immunogenic class.
a–c, Each panel shows from left to right: (i) a heatmap representing the genes in the specified gene programme most correlated with the indicated PC class with tumours ranked according to their gene programme module eigengene values (MEs). PC classes are designated by colour as follows: ADEX (brown); pancreatic progenitor (orange); immunogenic (red); and squamous (blue); (ii) Kaplan–Meier analysis comparing survival of patients having either high or low gene programme MEs; (iii) pathways significantly enriched in a given GP functional interaction (FI) sub-network defined by the ReactomeFI Cytoscape plugin. Corresponding Cytoscape files comprising GP ReactomeFI subnetworks are provided. d, Boxplot of immune gene expression stratified by class. Boxplots are annotated by a Kruskall–Wallis P value and box colours designate class: ADEX (brown); immunogenic (red); squamous (blue); and pancreatic progenitor (orange). Single letter designations representing the first letter of each class are provided under the relevant boxes in each plot.
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