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            Abstract
The extent of heterogeneity among driver gene mutations present in naturally occurring metastasesâ€”that is, treatment-naive metastatic diseaseâ€”is largely unknown. To address this issue, we carried out 60Ã— whole-genome sequencing of 26 metastases from four patients with pancreatic cancer. We found that identical mutations in known driver genes were present in every metastatic lesion for each patient studied. Passenger gene mutations, which do not have known or predicted functional consequences, accounted for all intratumoral heterogeneity. Even with respect to these passenger mutations, our analysis suggests that the genetic similarity among the founding cells of metastases was higher than that expected for any two cells randomly taken from a normal tissue. The uniformity of known driver gene mutations among metastases in the same patient has critical and encouraging implications for the success of future targeted therapies in advanced-stage disease.
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                    Figure 1: Distributions of metastatic disease for four patients with pancreatic cancer.[image: ]


Figure 2: Features of phylogenies and driver genes in Pam01, Pam02, Pam03, and Pam04.[image: ]


Figure 3: Somatic evolution of normal tissues.[image: ]


Figure 4: Inferred phylogeny and localization of primary tumor sections and metastases for patient Pam02.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Hierarchical clustering for four cases.
Samples are indicated along the y axis, and variants are listed along the top of the diagram. Colors correspond to discrete tumor samples and follow the rainbow spectrum from the Treeomics phylogenies, scaling from ancestral to descendant, as indicated by the evolutionary relationships. Samples that are uncolored represent those analyzed by hierarchical clustering only. The variant status in each sample is shown in blue (for present), dark red (for absent), or light red (for unknown due to low coverage). Hierarchical clustering using UPGMA (unweighted pair group method with arithmetic mean) is indicated on the right y axes. Primary tumors are labeled as â€œPTâ€� followed by a number, lymph node metastases are labeled as â€œNoMâ€� followed by a number, liver metastases are labeled as â€œLiMâ€� followed by a number, lung metastases are labeled as â€œLuMâ€� followed by a number, and peritoneal metastases are labeled as â€œPeMâ€� followed by a number. (a) Pam01. (b) Pam02. (c) Pam03. (d) Pam04.


Supplementary Figure 2 Immunohistochemical analysis of proteins encoded by four major driver genes.
Protein expression was evaluated in tumor tissues. Driver genes evaluated by immunohistochemistry are listed in columns, and tumor tissues from each case are presented in rows. In all images, red arrows point to positively staining non-neoplastic cells (internal controls) and black arrows point to positively staining nuclei in neoplastic cells. The patterns observed for the individual metastases sequenced in each patient were reproducibly observed in the primary carcinoma and other metastases of the same patient, as we have previously demonstrated59. Scale bar, 10 Î¼m.


Supplementary Figure 3 Distributions of copy number variations in Pam02.
Circos plots showing statistically significant CNVs in Pam02 whole-genome samples. For each sample ring, the y axis spans â€“2 to 2, with 0 representing a normal diploid copy number in unaffected regions, deletions represented as â€“1 or â€“2, and amplifications represented as 1 or 2. CNVs of >2 were scored as 2. All values were log2 transformed for visualization. The outermost ring shows the chromosomes in clockwise order. Deletions are shown in blue, while amplifications are shown in red. Gene names are those described in Supplementary Table 7. From innermost to outermost, the samples are PT18, PT4, PT9, LiM6, LiM5, LiM2, LiM8, LiM3, LiM7, and LiM1.


Supplementary Figure 4 Distributions of copy number variations in Pam03.
Circos plots showing statistically significant CNVs in whole-genome samples. For each sample ring, the y axis goes from â€“2 to 2, with a central black line representing a normal diploid copy number in unaffected regions, deletions represented as â€“1 or â€“2, and amplifications represented as 1 or 2. CNVs of >2 were scored as 2. The values are log2 transformed for visualization. The outermost ring shows the chromosomes in clockwise order. Deletions are shown in blue, while amplifications are shown in red. Gene names are those described in Supplementary Table 7. The innermost ring is PT12, followed by PT10, PT11, LuM3, LiM2, LiM4, LiM5, LiM3, LiM1, LuM1, and LuM2.


Supplementary Figure 5 Distributions of copy number variations in Pam04.
Circos plots showing statistically significant CNVs in whole-genome samples. For each sample ring, the y axis goes from â€“2 to 2, with a central black line representing a normal diploid copy number in unaffected regions, deletions represented as â€“1 or â€“2, and amplifications represented as 1 or 2. CNVs of >2 were scored as 2. The values are log2 transformed for visualization. The outermost ring shows the chromosomes in clockwise order. Deletions are shown in blue, while amplifications are shown in red. Gene names are those described in Supplementary Table 7. The innermost ring is PT27, followed by PT2, PT26, PeM3, PeM2, PeM1, PeM6, PeM5, and PeM4.


Supplementary Figure 6 B-allele frequencies for four Pam01 metastases.
For tumors that were whole-genome sequenced, B-allele frequencies are plotted for >3,000 SNPs per chromosome. Each chromosome is aligned sequentially and colored according to the color spectrum. The y axis represents frequency; the normal range is represented by the middle blue bar. Major loss-of-heterozygosity events (black arrowheads) are observable in all metastases. The differences in the patterns of changes in B-allele frequency are likely caused by the varying neoplastic cell content in the different samples as well as other artifacts.


Supplementary Figure 7 B-allele frequencies for Pam02 primary tumor sections and metastases.
For tumors that were whole-genome sequenced, B-allele frequencies are plotted for >3,000 SNPs per chromosome. Each chromosome is aligned sequentially and colored according to the color spectrum. The y axis represents frequency; the normal range is represented by the middle blue bar. Major loss-of-heterozygosity events (black arrowheads) are observable in all primary tumor sections and metastases. The differences in the patterns of change in B-allele frequency are likely caused by the varying neoplastic cell content in the different samples as well as other artifacts.


Supplementary Figure 8 Structural variants identified in Pam01â€“Pam04 samples.
Each type of structural variant is assigned a distinct color. Samples are labeled along the x axis, while numbers of structural variants are shown along the y axis.


Supplementary Figure 9 Distributions of metastatic disease in the Pam13 and Pam16 patients with cancer.
Anatomical locations of the primary carcinomas and discrete metastases used for whole-exome sequencing.


Supplementary Figure 10 Inferred phylogeny of primary tumor sections and metastases for patient Pam03.
(a) Time is represented on the left axis, and divergence is represented on the x axis. Colors correspond to discrete tumor samples and follow the rainbow spectrum, scaling from ancestral to descendant, as indicated by the evolutionary relationships. The ATM mutation was originally inferred to be wild type in primary tumor section PT1; however, targeted sequencing had insufficient coverage in PT1 and hence Treeomics misplaced the mutation (shown correctly here). (b) See Supplementary Table 3 for sample identity. Primary tumors are labeled at â€œPTâ€� followed by a number, and the remaining samples are metastases labeled by organ. Hypothetical subclones are indicated by â€œSCâ€� followed by the subclone number. The numbers of acquired mutations are in blue with a plus sign. Percentages denote bootstrapping values. Phylogeny was inferred by Treeomics43. (c) The dimensions of the original primary tumor in centimeters. (d) Primary tumor slices are numbered according to the original sectioning and plane order. See Supplementary Table 3 for sample identity. Metastases are labeled by organ followed by a metastasis number.


Supplementary Figure 11 Inferred phylogeny of primary tumor sections and metastases for patient Pam04.
(a) Time is represented on the left axis, and divergence is represented on the x axis. Colors correspond to discrete tumor samples and follow the rainbow spectrum, scaling from ancestral to descendant, as indicated by the evolutionary relationships. The KRAS mutation was originally inferred to be wild type in primary tumor section PT1; however, targeted sequencing had insufficient coverage in PT1 and hence Treeomics misplaced the mutation (shown correctly here). (b) See Supplementary Table 3 for sample identity. Primary tumors are labeled at â€œPTâ€� followed by a number, and the remaining samples are metastases labeled by organ. Hypothetical subclones are indicated by â€œSCâ€� followed by the subclone number. The numbers of acquired mutations are in blue with a plus sign. Percentages denote bootstrapping values. Phylogeny was inferred by Treeomics43. (c) The dimensions of the original primary tumor in centimeters. (d) Primary tumor slices are numbered according to the original sectioning and plane order. See Supplementary Table 3 for sample identity. Metastases are labeled by organ followed by a metastasis number.


Supplementary Figure 12 Inferred phylogeny for Pam01.
Time is represented on the left axis, and divergence is represented on the x axis. See Supplementary Table 3 for sample identity. Colors correspond to discrete tumor samples and follow the rainbow spectrum, scaling from ancestral to descendant, as indicated by the evolutionary relationships. Hypothetical subclones are indicated by â€œSCâ€� followed by the subclone number. The numbers of acquired mutations are in blue with a plus sign. Percentages denote bootstrapping values. Phylogeny was inferred by Treeomics43.


Supplementary Figure 13 Inferred phylogeny for Pam13.
Time is represented on the left axis, and divergence is represented on the x axis. See Supplementary Table 3 for sample identity. Colors correspond to discrete tumor samples and follow the rainbow spectrum, scaling from ancestral to descendant, as indicated by the evolutionary relationships. Hypothetical subclones are indicated by â€œSCâ€� followed by the subclone number. The numbers of acquired mutations are in blue with a plus sign. Percentages denote bootstrapping values. Phylogeny was inferred by Treeomics43. The KRAS variant was visualized in every tumor sample during manual review.


Supplementary Figure 14 Inferred phylogeny for Pam16.
Time is represented on the left axis, and divergence is represented on the x axis. See Supplementary Table 3 for sample identity. Colors correspond to discrete tumor samples and follow the rainbow spectrum, scaling from ancestral to descendant, as indicated by the evolutionary relationships. Hypothetical subclones are indicated by â€œSCâ€� followed by the subclone number. The numbers of acquired mutations are in blue with a plus sign. Percentages denote bootstrapping values. Phylogeny was inferred by Treeomics43.
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