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            Abstract
Understanding how oncogenic mutations rewire regulatory-protein networks is important for rationalizing the mechanisms of oncogenesis and for individualizing anticancer treatments. We report a chemical phosphoproteomics method to elucidate the topology of kinase-signaling networks in mammalian cells. We identified >6,000 protein phosphorylation sites that can be used to infer >1,500 kinaseâ€“kinase interactions and devised algorithms that can reconstruct kinase network topologies from these phosphoproteomics data. Application of our methods to primary acute myeloid leukemia and breast cancer tumors quantified the relationship between kinase expression and activity, and enabled the identification of hitherto unknown kinase network topologies associated with drug-resistant phenotypes or specific genetic mutations. Using orthogonal methods we validated that PIK3CA wild-type cells adopt MAPK-dependent circuitries in breast cancer cells and that the kinase TTK is important in acute myeloid leukemia. Our phosphoproteomic signatures of network circuitry can identify kinase topologies associated with both phenotypes and genotypes of cancer cells.
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                    Fig. 1: Profiling kinase-inhibitor fingerprints to assign phosphorylation sites to upstream kinases.[image: ]


Fig. 2: Empirical inference of kinase network circuitry from downstream kinase targets.[image: ]


Fig. 3: Comparative analysis of network circuitries identifies cell-specific kinase network topologies.[image: ]


Fig. 4: Multivariate regression models reveal kinase network topologies associated to drug responses.[image: ]


Fig. 5: Contribution of kinase expression and phosphorylation to kinase activity and network topologies.[image: ]


Fig. 6: Network analysis of breast cancer identifies the impact of genetic mutations on kinase network circuitries.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Assessment of data variability, quality and summary of PDT database.
(a) Comparison of kinase inhibitor selectivity as determined by a Discover-X assay (this study) and Klaeger et al. (Science 358, 2017) for compounds present in both datasets. (b) Coefficients of variation of phosphopeptide peak areas in basal (DMSO controls) samples as a function of peak area cut-off values (n = 4 independent experiments). (c) Number of phosphopeptides quantified as a function of peak area intensity cut-off values. (d) Number of phosphorylation sites with CV<50% in basal (untreated) cells. (e) Number of unique phosphorylation sites found to be putative downstream targets (PDTs) of at least one kinase. (f) Number of kinases with at least five PDTs.


Supplementary Figure 2 Overview of the ChemPhoPro relational database web interface.
The ChemPhoPro allows the community to browse our experimental results and identified PDTs. The front page (a) provides a search box into which the name of protein or perturbagen (e.g. inhibitor) can be entered. If the name entered is recognized as a kinase, the kinase view (b) is displayed. In this view, the perturbagens panel provides information about perturbagens reported to affect the activity of the kinase, together with the corresponding results of our own DiscoverX studies. The following panel details putative downstream targets (PDTs) of the kinase identified by our analysis (organized by cell line) and the underlying experimental data can be accessed by clicking a PDTâ€™s graph icon. The final panel in this view lists known kinase-substrate relationships extracted from UniProt and provides links to heatmaps (c) showing the behavior of these substrates in our experimental data. The protein view (d) shows reported substrates and PDTs in the context of their protein location. Clicking the graph icon of a PDT reveals its behavior by cell line and inhibitor. Finally, the perturbagen view (e) provides basic information about the inhibitors that we have used in this study, and data about their activity (both previously reported, and determined by our DiscoverX assays). Throughout the interface, links allow easy navigation between kinase, protein and perturbagen pages. An application programming interface (API) is available for programmatic access to the database. The database may be accessed at http://chemphopro.org.


Supplementary Figure 3 Motif analysis of phosphopeptides in selected PDTs.
Phosphopeptides were matched to predefined phosphorylation motifs that are common in kinase substrates (a) or to predicted kinase-substrate (Netphorest) groups (b). Enrichment was calculated as Log2[(k/m)/(q/t)] for (a) or as (k/m)/(q/t) for (b), where k is number of phosphosites in PDT that match the named motif/Netphorest group, m is total number of phosphosites in PDTs, q is total number of phosphosites in motif/Netphorest group, and t is total number of phosphosites. Full sets of motif/Netphorest groups in different PDTs are shown in Supplementary Dataset 4.


Supplementary Figure 4 Kinase signaling analysis using PDTs and previous databases of kinase-phosphosite relationships.
(a) Number of downstream targets of kinases poorly annotated in previous databases of K-P relationships. (b) Number of K-P relationships and number of kinases present in different databases of K-P relationships. (c) Experimental design of phosphoproteomic experiment of P31/Fuj cells treated with the named kinase inhibitors, and summary of results. P-values were calculated using two-sided paired t-test of log transformed data and FDR was calculated by adjusting p-values for multiple testing using the Benjamini-Hochberg method. These statistics were applied to the mean phosphoproteomics data of two independent experiments performed in technical replicate. (d) Results of changes in kinase activities as a function of treatment with the named kinase inhibitors (as determined by KSEA) when using different databases of K-P relationships as input of the KSEA algorithm. Z-scores were calculated using the PAGE method as in (BMC Bioinformatics 6, 144, 2005) and (PNAS 112, 7719-7724, 2015) and p-values using a two-sided Kolmogorov-Smirnov test as in (PNAS 102, 15545-15550, 2005). FDR was calculated by adjusting p-values for multiple testing using the Benjamini-Hochberg method.


Supplementary Figure 5 Validation of groups of phosphorylation sites as markers of kinase network edges.
(a) Motif enrichment analysis in phosphorylation site groups that define the named network edges. Z-scores values are shown in y-axes and x-axes show the number of phosphopeptides with the labeled motif. For clarity not all data-points are labeled. Enrichment was calculated as in Supplementary Fig. 3. (b) Enrichment of kinase network axes as a function of treatments with EFG or IGF-I for the indicated times. (c) Enrichment of phosphopeptides in the named edges in predicted kinase-substrate (Netphorest) groups. Enrichment was calculated as in Supplementary Fig. 3. (d) Enrichment of edges in P31/Fuj as a function of treatments with the named kinase inhibitors; z-scores were calculated using the PAGE method as in (BMC Bioinformatics 6, 144, 2005) and (PNAS 112, 7719-7724, 2015) and p-values using a two-sided Kolmogorov-Smirnov test as in (PNAS 102, 15545-15550, 2005). FDR was calculated by adjusting p-values for multiple testing using the Benjamini-Hochberg method (n = 2 independent experiments performed in technical replicate).


Supplementary Figure 6 Comparison of signaling across cell lines.
(a) Comparison of PDT kinase enrichment across the named cell models. Z-scores were calculated using the PAGE method as in (BMC Bioinformatics 6, 144, 2005) and (PNAS 112, 7719-7724, 2015) and p-values using a two-sided Kolmogorov-Smirnov test as in (PNAS 102, 15545-15550, 2005). FDR was calculated by adjusting p-values for multiple testing using the Benjamin-Hochberg method. These statistics were applied to the mean phosphoproteomics data of four independent experiments. For clarify not all kinases are labeled. (b) Phosphopeptides ion intensities (summed peak area) of phosphopeptides containing the named phosphorylation site across the named cell models (n = 3 independent experiments performed in technical replicate). Boxplots show median and interquartile ranges. P-values were calculated by Annova using R (ggpubr).


Supplementary Figure 7 Accuracy of multivariate models for drug sensitivity prediction based on different readouts of kinase expression and network circuitry.
Accuracy was determined as the difference between calculated and actual drug responses (in Fig. 4 of main text) divided by actual response. Boxplots show median, interquartile and max-min ranges. RMSE, root mean square error (n=36 AML cases).


Supplementary Figure 8 Kinase network topologies associated to drug responses.
Association between edge enrichment and drug response by Spearman correlation. The kinase axes showing greater importance to the statistical learning models shown in Fig. 4 were plotted as a function of responses of 36 primary AML cells to the named kinase inhibitors (each data point represents the quantification of the named edge in a primary sample and thus, because of missing data points from Casado et al. (Leukemia 32, 1818-1822, 2018), sample size are edge specific).


Supplementary Figure 9 Kinase network topologies and kinase activities associated to kinase protein expression and phosphorylation.
(a) Kinase protein expression, phosphorylation extent (calculated as the sum of intensities of peptides or phosphopeptides, respectively, derived from a given kinase) or their ratio was correlated to the enrichment of edges defined by the same kinase (top graphs) or to the predicted kinase activity (bottom graphs). Numbers refer to positively correlated edges (Spearman r > 0, bottom row) or those with Spearman r >0.28 (p<0.01, top row). Network edge enrichment as well as protein and phosphoprotein expression were calculated for 30 primary AML cases and for 83 primary breast cancer samples from a meta-analysis of their proteomes and phosphoproteomes from Casado et al. (Leukemia 32, 1818-1822, 2018) and Mertins et al. (Nature 534, 55-62, 2016). Violin plots show the kernel density of the data, in which probability is related to the width of the plot. Boxplots within violin plots (top graphs) show the median, interquartile ranges, and max-min ranges. Statistical significance of differences between the spearman rank values for each analysis was calculated using a two-sided Kruskal-Wallis test. (b) Association between number of kinase downstream targets (PDTs) and the correlation of kinase activity with phosphokinase expression. (c) Relationship between number of phosphorylation sites detected in kinase with the association between kinase activity and phosphokinase expression. (d) Relationship between number of phosphorylation sites detected in kinase with the association between kinase activity and the expression of unmodified kinase. P-values were calculated using Pearson (n=69 ovarian samples).


Supplementary Figure 10 Impact of common genetic mutations on kinase network rewiring.
(a) Difference in kinase network edge enrichment between AML primary cells positive for NRAS mutation relative to wild-type cases. Fold difference was calculated as average in network edge weight in NRAS positive tumors minus the average in wild-type tumors (n = 7 and 20 for mutant and wild-type, respectively) P-values were calculated using the Wilcoxon test (two-sided). FDR was calculated by adjusting p-values for multiple testing using the Benjamini-Hochberg method. For clarity not all data points are labeled. (b) Values of node centrality were calculated from a network reconstructed using the network edges increased in NRAS mutant relative to wild-type cells. (c) A centrality index was calculated as the product between betweenness and degree values â€“ as in (b) â€“ for network nodes associated with the mutations shown. The phosphoproteomics data from which kinase network topologies were determined were obtained from Casado et al (Leukemia 32, 1818-1822, 2018). (d) Cell death was measured in the named AML models using a Guava assay as a function of treatment with the named inhibitors for 3 days. Values are mean Â± SD (n=3 independent experiments). (e) Area under the curve (AUC) of the data in (d). Boxplots show median and interquartile ranges. Statistical significance was calculated in R by two sided paired t-test of log transformed data.


Supplementary Figure 11 Phosphoproteomic analysis of CRC cell lines isogenic for PIK3CA KD and HD mutations.
(a) Summary of results of phosphoproteomic experiments comparing CRC cell lines isogenic for PIK3CA KD and HD mutations. P-values were calculated using two-sided paired t-test of log transformed data without adjustments for multiple comparisons. These statistics were applied to the mean phosphoproteomics data of two independent experiments performed in technical replicate (b) Expression of selected markers of PI3K and MAPK pathway activity using LC-MS/MS (left panel) or Western blot (right panel). Western blot assays were performed in two independent experiments. *p< 0.05, **p< 0.01 and ***p< 0.005. Full scans of WBs are shown in Supplementary Fig. 13. (c) Correlation of circuitry markers of PI3K/MTOR and MAPK1/3 activities showing significant anti-correlation in primary breast cancers (n = 86) and CRC cell lines (n = 2 independent experiments performed in technical replicates). P-values were determined by Spearman rank test. (d) Cell viability of PIK3CA MUT isogenic cell lines as a function of treatments with the named inhibitors at the concentrations shown. Data points are mean Â± SD (n = 4 technical replicates).


Supplementary Figure 12 PDTs present in PhosphoSitePlus as a function of EBDT parameter tuning and relationship between number of compounds in kinase inhibitor fingerprint and PDT size.
Number of phosphosites in PDTs matched that were present in PhosphoSitePlus for the same kinase as a function of tuning the EBDT algorithm with different probability thresholds (a) or site-kinase inhibition ratio thresholds (b). (c) Number of phosphosites found to be PDTs of given kinases as a function of number of compounds in kinase inhibitors fingerprints for the respective kinase. Total number of PDTs in dataset is 6,206. Boxplots show median, interquartile ranges, and ranges. Outliers are shown as individual data points.


Supplementary Figure 13 Western blot analysis of CRC cell lines isogenic for PIK3CA KD and HD mutations.
Full scans of all the blots shown in Supplementary Fig. 11. Named markers of PI3K/AKT and MAPK pathways were probed in two independent experiments confirming results of LC-MS analysis of the same markers in independent experiments. Click inside this box and insert image for Supplementary Fig. 14. For best results, use Insert menu to select a saved file; do not paste images. Source images must be JPEGs (no larger than 10 MB) saved in RBG color profile, at a resolution of 150â€“300 dpi. Optimize panel arrangement to a 2:3 height-to-width ratio; maximum online display is 600h x 900w pixels. Reduce empty space between panels and around image. Keep each image to a single page.
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