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            Abstract
Local concentrations of mutations are well known in human cancers. However, their three-dimensional spatial relationships in the encoded protein have yet to be systematically explored. We developed a computational tool, HotSpot3D, to identify such spatial hotspots (clusters) and to interpret the potential function of variants within them. We applied HotSpot3D to >4,400 TCGA tumors across 19 cancer types, discovering >6,000 intra- and intermolecular clusters, some of which showed tumor and/or tissue specificity. In addition, we identified 369 rare mutations in genes including TP53, PTEN, VHL, EGFR, and FBXW7 and 99 medium-recurrence mutations in genes such as RUNX1, MTOR, CA3, PI3, and PTPN11, all mapping within clusters having potential functional implications. As a proof of concept, we validated our predictions in EGFR using high-throughput phosphorylation data and cell-line-based experimental evaluation. Finally, mutationâ€“drug cluster and network analysis predicted over 800 promising candidates for druggable mutations, raising new possibilities for designing personalized treatments for patients carrying specific mutations.
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                    Figure 1: HotSpot3D workflow, robustness simulations, and comparison to SpacePAC.[image: ]


Figure 2: Significant spatial clusters.[image: ]


Figure 3: Cancer type specificity of intramolecular and intermolecular clusters.[image: ]


Figure 4: Intramolecular and intermolecular clusters with unique hotspot variants and new variants.[image: ]


Figure 5: Polar plots showing discovery of rare and medium-recurrence functional variants in intramolecular and intermolecular clusters.[image: ]


Figure 6: Functional assessment using phosphorylation data and experimental validation.[image: ]


Figure 7: Variantâ€“drug interaction heat maps and structures.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Clustered mutations of oncogenes and tumor suppressors.
For each oncogene (red dots) and tumor suppressor (blue dots), the number of mutations found in an intramolecular cluster is shown with the number of total mutations. Labeled genes correspond to those from either category that had at least half of all mutations found in a cluster.


Supplementary Figure 2 Cancer type specificities of clusters and three-dimensional protein structures.
(a) Intramolecular plot of the top three MTOR clusters anchored around C1483 (purple), F1888 (blue), and T1977 (green). Connections link the significant interacting pairs in lung (LUSC and LUAD), endometrial (UCEC), and kidney (KIRC and KIRP) cancers lying within a geodesic cluster radius of 10 Ã… from the centroid. Bubble position in the individual tracks indicates mutations along the primary (linear) protein sequence, and bubble size corresponds to sample count for each mutation. Gray shading of MTOR indicates sections currently lacking structure information in PDB. All residues in the three clusters (including cancer types not shown above) are highlighted on the three-dimensional structure model. (b) Intermolecular plot for two PIK3CAâ€“PIK3R1 clusters centered at PIK3CA N345 (green) and PIK3CA E545 (yellow). Residues in the cluster (including cancer types not shown above) are depicted in spatial arrangement on the ribbon structure model (below).


Supplementary Figure 3 Drugâ€“mutation clusters involving one drug.
All dasatinib drugâ€“mutation clusters are shown that involve ABL1, BMX, and BTK. Dasatinib (green) is the centroid of each cluster, and distances to each residue where mutations occurred are shown in the radial plot (left) for ABL1 (red), BMX (orange), and BTK (purple). The outer ring segments show the linear protein sequence of each gene, and the inner ring segments show the regions containing mutations. Structures are shown (from left to right) for ABL1, BTK, and BMX.


Supplementary Figure 4 HotSpot3D online visualization portal.
(a) A screenshot of the online visualization portal with a pair of mutations between VHL and TCEB1 shown. (b) Mutations from the ASB9, SOCS4, TCEB1, and VHL intermolecular cluster are shown for a structure of TCEB1 (purple) and VHL (green). Y79 in TCEB1 was recently validated as disrupting interaction with VHL in KIRC cases.
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