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            Abstract
An aim of molecular biomarkers is to stratify patients with cancer into disease subtypes predictive of outcome, improving diagnostic precision beyond clinical descriptors such as tumor stage1. Transcriptomic intratumor heterogeneity (RNA-ITH) has been shown to confound existing expression-based biomarkers across multiple cancer types2,3,4,5,6. Here, we analyze multi-region whole-exome and RNA sequencing data for 156 tumor regions from 48 patients enrolled in the TRACERx study to explore and control for RNA-ITH in non-small cell lung cancer. We find that chromosomal instability is a major driver of RNA-ITH, and existing prognostic gene expression signatures are vulnerable to tumor sampling bias. To address this, we identify genes expressed homogeneously within individual tumors that encode expression modules of cancer cell proliferation and are often driven by DNA copy-number gains selected early in tumor evolution. Clonal transcriptomic biomarkers overcome tumor sampling bias, associate with survival independent of clinicopathological risk factors, and may provide a general strategy to refine biomarker design across cancer types.
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                    Fig. 1: Tumor sampling bias confounds lung cancer biomarkers.[image: ]


Fig. 2: RNA inter- and intratumor heterogeneity quadrants.[image: ]


Fig. 3: Clonal gene selection improves prognostic accuracy over conventional biomarker design and beyond clinicopathological risk factors.[image: ]


Fig. 4: Pan-cancer prognostic relevance and the genomic underpinning of RNA heterogeneity quadrants.[image: ]
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Extended data

Extended Data Fig. 1 Patient cohorts included in the study.
a, CONSORT diagram for patient recruitment (left) and composition by tumour stage (right) of the TRACERx cohort. b, Patient composition of two RNAseq datasets: The Cancer Genome Atlas cohort (left), and the Uppsala cohort (right). c, Patient composition of four microarray datasets: Der et al, GSE50081 (top left); Okayama et al, GSE31210 (top right); Rousseaux et al, GSE30219 (bottom left); Shedden et al, GSE68465 (bottom right). Tumour stage (x-axis) and therapy status (colour) is indicated for all patient composition bar charts. LUAD = lung adenocarcinoma, LUSC = lung squamous cell carcinoma.


Extended Data Fig. 2 Analysis of the most variably expressed genes in TRACERx.
a, The dendrogram and coloured heatmap (top) shows the hierarchical clustering of tumour regions (columns) in the TRACERx multi-region RNAseq cohort (156 tumour regions, 48 NSCLC patients, stage I-III) according to the top 500 variably expressed genes (rows). The sparse heatmap (bottom) shows tumour regions (coloured by histology) per patient (rows). b, Kaplan-Meier survival analysis of the largest two patient clusters from the dendrogram in (a). Statistical significance was tested with a two-sided log-rank test. c, The hierarchical clustering approach taken to quantify discordance rates for published signatures is illustrated for a non-RNAseq signature, Kratz et al10, in TRACERx (n = 28 LUAD patients, stage I-III). As previously described by Gyanchandani et al5, this clustering approach provides a metric that is invariant of gene expression profiling platform. For a given number of clusters, clustering concordance was quantified as the percentage of TRACERx patients with all tumour regions in the same cluster. This analysis was run iteratively from 2 to 28 clusters; 28 is the total number of TRACERx LUAD patients, hence clustering concordance of 100% at 28 clusters is the theoretical upper limit using this metric. The dendrogram and coloured heatmap (top) shows the clustering of tumour regions (columns) according to the expression pattern of genes comprising the prognostic signature (rows). The grayscale heatmap (bottom left) shows tumour regions per patient (rows). For a range of clusters (2, 3, 14, 28), the coloured bars (middle left) show the assignment of tumour regions to clusters, the grayscale bars (bottom right) show which patients have their tumour regions discordantly assigned (gray) across clusters, and the pie charts (middle right) show the percentage of discordantly classified patients. d, Discordance rates for 9 published LUAD prognostic signatures7,8,9,10,11,12,13,14,15 plotted as the percentage of patients with tumour regions clustering together against the number of clusters. Vertical dashed lines mark a range of clusters (2, 3, 14, 28) as highlighted in (c).


Extended Data Fig. 3 Intra- and inter-tumour RNA heterogeneity scores.
a, Gene-wise and patient-wise RNA-ITH scores were calculated using multi-region RNAseq data (normalized count values) from TRACERx tumours (n=28 LUAD patients, 89 tumour regions, stage I-III). For a given tumour, the standard deviation of expression values for a particular gene across tumour regions was calculated yielding a gene-specific, patient-specific measure of RNA-ITH (σg,p). This was repeated for all genes, then all tumours, generating a matrix of σg,p values. Gene-wise RNA-ITH values are summarised as the average (median) value per gene across all tumours in the cohort (σg). Conversely, patient-wise RNA-ITH values are summarised as the average (median) value per tumour across all expressed genes (σp). Dashed lines indicate mean values. b, The scatter plots show the Spearman correlation between the chosen metric of intra-tumour expression variability (standard deviation) and alternative metrics, median absolute deviation (left) or coefficient of variation (right), as calculated in the TRACERx cohort (n=28 LUAD patients, 89 tumour regions, stage I-III). c, Diagram illustrating the calculation of gene-wise inter-tumour RNA heterogeneity scores through the random sampling of tumour regions from the TRACERx cohort (n=28 LUAD patients, 89 tumour regions, stage I-III; see Methods). d, The scatter plot shows the Spearman correlation between inter-tumour RNA heterogeneity scores calculated in TRACERx (n=28 LUAD patients, 89 tumour regions, stage I-III), randomly sampled to yield a sham single-biopsy cohort, and TCGA (n = 469 LUAD patients, stage I-III), a true single-biopsy cohort.


Extended Data Fig. 4 Clustering concordance and published prognostic signatures.
a, Clustering concordance scores calculated in TRACERx (n=28 LUAD patients, 89 tumour regions, stage I-III) using the same method taken to estimate the sampling bias of microarray signatures as described by Gyanchandani et al5 (see Extended Data 2c,d). For each gene, a curve is calculated for the number of patients with all regions in the same cluster against the number of clusters (2–28 clusters). Curves for five genes (minimum = CKMT2, lower quartile = CYSLTR2, median = MCM2, upper quartile = MFSD1, maximum = HOXC11) are shown (top), in addition to summarised clustering concordance scores for all genes (bottom). b, Gene-wise clustering concordance scores stratified by RNA heterogeneity quadrant, both calculated in TRACERx (n=28 LUAD patients, 89 tumour regions, stage I-III). Boxplots represent the median, 25th and 75th percentiles and the vertical bars span the 5th to the 95th percentiles. Statistical significance was tested with a two-sided Wilcoxon signed rank sum test. “*” indicates a P-value < 0.05, “**” indicates a P-value < 0.01, “***” indicates a P-value < 0.001.


Extended Data Fig. 5 Analysis of published prognostic signatures for LUAD by RNA heterogeneity quadrant.
a, The composition of published prognostic signatures by RNA heterogeneity quadrant, plotted in order of increasing percentage of Q4 genes (low intra- and high inter-tumour heterogeneity). b, Percentage of genes expected (total no. genes, as indicated in Fig. 2a) versus observed (in 9 published LUAD prognostic signatures7,8,9,10,11,12,13,14,15) per RNA heterogeneity quadrant. Statistical significance was tested with a two-sided Fisher’s exact test. The ability of published prognostic genes for LUAD (the combined gene list from nine published signatures, 242 unique genes) to maintain prognostic value across patient cohorts is assessed (using Cox univariate survival analysis) in four microarray datasets: Shedden et al, GSE68465 (c); Okayama et al, GSE31210 (d); Der et al, GSE50081 (e); Rousseaux et al, GSE30219 (f). Boxplots represent the median, 25th and 75th percentiles and the vertical bars span the 5th to the 95th percentiles. Statistical significance was tested with a two-sided Wilcoxon signed rank sum test. “*” indicates a P-value < 0.05, “**” indicates a P-value < 0.01, “***” indicates a P-value < 0.001.


Extended Data Fig. 6 Prognostic signature design.
a, Biomarkers are designed using state-of-the-art signature construction methods, replicated from Shukla et al14 (signature A and B), Chen et al33 (signature C), Reka et al34 (Signature D) and Kratz et al10 (signature E). In parallel, the “prognostic significance” filters (present in each signature construction method) were substituted with “clonal expression” filters, generating corresponding clonal signatures (signatures A-clonal, B-clonal, C-clonal, D-clonal, and E-clonal). Published signature construction methods are indicated in orange, novel methods integrating clonal biomarker design are indicated in blue. All signatures are developed in TCGA LUAD patients (n=469, stage I-III) as the training dataset. b, Flow diagram illustrating the gene selection steps for ORACLE. Criteria to identify prognostic and clonally expressed genes, and the number of genes selected at each step are indicated. c, Optimization of the number of genes to select at the clustering concordance step through 10-fold cross-validation in the training cohort (TCGA, n=469 LUAD patients, stage I-III). The optimal number of genes, with the lowest cross-validation error, is shown by the vertical red line. d, The cut-off to dichotomize the ORACLE risk-score into ‘high’ and ‘low’ risk groups is optimized in the training cohort (TCGA, n=469 LUAD patients, stage I-III). The horizontal blue line indicates a log-rank P-value = 0.01 and the optimal cut-off is shown by the vertical red line. Statistical significance was tested with a two-sided log-rank test. e, Tumour sampling bias of the ORACLE signature assessed using multi-region RNAseq data from TRACERx (n=28 LUAD patients, 89 tumour regions, stage I-III). Each point represents a single tumour region, vertical lines display the range for each patient, and patients are ordered by predicted survival risk score. Points are coloured according to the risk classification of tumour regions within a patient: concordant low-risk (blue), concordant high-risk (red), or discordant (gray).


Extended Data Fig. 7 Risk stratification using ORACLE.
a, Kaplan-Meier plot of ORACLE in the RNAseq-based validation cohort (Uppsala, n=103 LUAD patients, stage I-III). Statistical significance was tested with a two-sided log-rank test. The ability of substaging criteria (b) and ORACLE (c) to split patients into prognostically informative groups is tested in stage I patients using the updated TNM version 8 criteria37, shown as Kaplan-Meier plots for the Uppsala RNAseq dataset (n=53 LUAD patients, stage I, TNMv8). Statistical significance was tested with a two-sided log-rank test. d, The distribution of ORACLE risk scores by disease stage, shown for the Uppsala cohort (n=103 LUAD patients, stage I-III) and the MET500 cohort38 (n=8 metastatic samples from patients with LUAD primary tumours). Boxplots represent the median, 25th and 75th percentiles and the vertical bars span the 5th to the 95th percentiles. Statistical significance was tested with a Wilcoxon signed rank sum test. No corrections were made for multiple comparisons. e, The scatter plot shows the Spearman correlation between Ki67 staining % and ORACLE risk-scores in the TRACERx cohort (n=28 LUAD patients, 89 tumour regions, stage I-III).


Extended Data Fig. 8 ORACLE as a cancer cell expression signature.
a, Spearman correlations between the infiltration of immune cell subsets, calculated from RNAseq data using the method described by Danaher et al39, and ORACLE risk-scores in the TCGA dataset (n=469 patients, stage I-III). b, The scatter plot shows the Spearman correlation between ORACLE risk score and tumour purity assessed from whole-exome sequencing data using ASCAT, as described by Van Loo et al40, in TRACERx (n=28 LUAD patients, 84 tumour regions, stage I-III). c, Lambrechts et al41 performed single-cell RNAseq on 52,698 cells sourced from 5 NSCLC patients, then defined 7 clusters of stromal cell genes and provided a per-cluster expression measure for every gene. The relative expression levels (y-axis) for each stromal cluster (coloured by cell-type, see figure legend) is plotted for all 23 genes comprising the ORACLE signature (bottom 3 rows). To aid interpretation, a marker gene for each of the 7 stromal cell clusters is also plotted (top row) for comparison: alveolar (AGER), B cell (MS4A1), epithelial (EPCAM), fibroblast (COL6A2), myeloid (CD68), T cell (CD3D), and vascular (FLT1) cell-types. d, Pearson correlations between the expression of individual ORACLE genes and copy-number state at the corresponding gene locus in the TRACERx cohort (n=28 LUAD patients, 89 tumour regions, stage I-III). Significant correlations (P<0.05) are marked in red, non-significant correlations are marked in blue.


Extended Data Fig. 9 Patient-level estimates of RNA-ITH and association with tumour cellular composition.
a, RNA-ITH scores calculated from each tumour by sampling one to N biopsies (where N is the total number of biopsies yielded by that tumour) in TRACERx (n=48 NSCLC patients, 156 tumour regions, stage I-III). For each patient the RNA-ITH score (y-axis) is plotted for all possible subgroups of tumour regions against the number of biopsies (x-axis). The mean (red line) and standard deviation (blue lines) are shown for each tumour. b, The scatter plots show the Spearman correlation between patient-level RNA-ITH scores and RNAseq-based immune infiltration measures, calculated from RNAseq data using the method described by Danaher et al39 in TRACERx (n=48 NSCLC patients, 156 tumour regions, stage I-III). c, The scatter plot shows the Spearman correlation between patient-level RNA-ITH scores and tumour purity assessed from whole-exome sequencing data using ASCAT, as described by Van Loo et al40, in TRACERx (n=48 NSCLC patients, 156 tumour regions, stage I-III).


Extended Data Fig. 10 Pathway analysis by RNA heterogeneity quadrant.
The top 10 Reactome pathways for each RNA heterogeneity quadrant are plotted: low inter- and high intra- (Q1, a), low inter- and low intra- (Q2, b), high inter- and high intra- (Q3, c), high inter- and low intra- (Q4, d).
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