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            Abstract
Approximately 200 BRAF mutant alleles have been identified in human tumours. Activating BRAF mutants cause feedback inhibition of GTP-bound RAS, are RAS-independent and signal either as active monomers (class 1) or constitutively active dimers (class 2)1. Here we characterize a third class of BRAF mutants—those that have impaired kinase activity or are kinase-dead. These mutants are sensitive to ERK-mediated feedback and their activation of signalling is RAS-dependent. The mutants bind more tightly than wild-type BRAF to RAS–GTP, and their binding to and activation of wild-type CRAF is enhanced, leading to increased ERK signalling. The model suggests that dysregulation of signalling by these mutants in tumours requires coexistent mechanisms for maintaining RAS activation despite ERK-dependent feedback. Consistent with this hypothesis, melanomas with these class 3 BRAF mutations also harbour RAS mutations or NF1 deletions. By contrast, in lung and colorectal cancers with class 3 BRAF mutants, RAS is typically activated by receptor tyrosine kinase signalling. These tumours are sensitive to the inhibition of RAS activation by inhibitors of receptor tyrosine kinases. We have thus defined three distinct functional classes of BRAF mutants in human tumours. The mutants activate ERK signalling by different mechanisms that dictate their sensitivity to therapeutic inhibitors of the pathway.
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                    Figure 1: Activation of MEK/ERK by low-activity or kinase-dead BRAF mutants is RAS-dependent.[image: ]


Figure 2: Class 3 BRAF mutants bind more avidly than wild type to active RAS and signal as dimers.[image: ]


Figure 3: In tumour cells with class 3 BRAF mutants, ERK signalling is sensitive to trametinib but not vemurafenib.[image: ]


Figure 4: Class 3 BRAF-mutant tumours with wild-type RAS/NF1 are sensitive to inhibition of RTK-dependent RAS activation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Activation of MEK/ERK signalling by hypoactive BRAF mutants is RAS-dependent.
a, V5-tagged wild-type (WT) or mutant BRAF kinases were expressed in 293H cells that stably express NRAS(Q61K). These BRAF protein kinases were isolated with anti-V5 agarose. The in vitro kinase assay was performed with kinase-dead MEK1(K97R). The phosphorylation of MEK1 was determined by western blot. For gel source data, see Supplementary Fig. 4. b, Western blot analysis for components of the RAS/RAF/ERK signalling pathway in a panel of cancer cell lines harbouring the indicated mutations. Cellular RAS–GTP levels were determined by the active RAS pull-down assay. For gel source data, see Supplementary Fig. 4. c, In vitro kinase activity of the indicated BRAF proteins which were isolated from 293H cells that stably express NRAS(Q61K) was assessed as described in a. For gel source data, see Supplementary Fig. 4. d, MEK/ERK activation mediated by indicated BRAF proteins was assayed as described in Fig. 1d. For gel source data, see Supplementary Fig. 4. e, NIH3T3 cells expressing the indicated BRAF proteins were stimulated with 100 ng ml−1 EGF for 15 min, serum deprived for 6 h, or left untreated. RAS/RAF/MEK/ERK signalling activation of these cells was examined by western blot. Cellular RAS–GTP levels were determined by the active RAS pull-down assay. For gel source data, see Supplementary Fig. 5. f, Cells as indicated in Fig. 1a were cultured in doxycycline (30 ng ml−1) containing medium for 24 h and then treated with 500 nM ERK inhibitor SCH772984 for 8 h. Whole-cell lysates were then prepared and examined by western blot. RAS–GTP levels were determined using the active RAS pull-down assay. For gel source data, see Supplementary Fig. 5. g, The frequency distribution of the three classes of BRAF mutants in human BRAF-mutant melanoma tumours, or colorectal or non-small cell lung carcinomas. The data were collected from http://cbioportal.org. h, The frequency of coexistent RAS or NF1 alterations in human BRAF mutant melanomas compared to that in NSCLC and colorectal cancers.. The calculation was based on the sample sets as shown in Fig. 1e. The P values were calculated by using a paired t-test. N.S., not significant. i, The phosphorylation of multiple RTKs in the indicated cell lines was assayed using the Human Phospho-RTK Array Kit. Phosphorylated RTKs are highlighted with boxes in different colours. j, Cells were treated with increasing concentrations of cetuximab for 4 h. Levels of ERK signalling intermediates were determined by western blot. Cellular RAS–GTP levels were determined by the active RAS pull-down assay. For gel source data, see Supplementary Fig. 6. k, Cells were cultured and exposed to cetuximab at concentrations of 0, 0.3, 1, 3, 10, 30, 100 and 300 nM for 3 days. The effects of drug on cell growth were quantified using the ATP-Glo assay. Graphs were generated using Prism 6 (mean ± s.d. are represented by the dots and error bars, n = 8). l, GFP, wild-type NRAS or NRAS(Q61K) were stably expressed in H1666 cells. Then the indicated cells were treated with cetuximab at increasing doses for 2 h. Cells were collected and cell lysates were examined by western blot. RAS–GTP levels were determined using the active RAS pull-down assay. For gel source data, see Supplementary Fig. 7. m, The effects of cetuximab or trametinib on the growth of the cells described in l was determined by ATP-Glo assay after 3 days treatment. Graphs were generated using Prism 6 (mean ± s.d., n = 8). n, NRAS(Q61K) or vector was stably expressed in H508 cells. The cells were treated with cetuximab at increasing doses for 2 h. Cells were collected and cell lysates were examined by western blot. For gel source data, see Supplementary Fig. 7. o, Growth inhibition of the cells described in n after three days exposure to varying doses of cetuximab on day 3 was determined by ATP-Glo assay. Graphs were generated using Prism 6 (mean ± s.d., n = 8)


Extended Data Figure 2 Enhanced binding of hypoactive BRAF mutants to RAS increases activated mutant BRAF–wild-type CRAF heterodimers and amplifies ERK signalling.
a, The levels of p-MEK1/2 and p-ERK1/2 in each transfectant in Fig. 2a were quantified by densitometry analysis using ImageJ software. The columns represent the relative levels of p-MEK/12 and p-ERK1/2 as normalized to the levels in cells transfected with vector plasmid and the expression levels of V5-tagged BRAF proteins (mean ± s.d. calculated on the basis of four independent experiments). b, Flag-tagged wild-type BRAF was co-expressed with the indicated V5-tagged BRAF proteins in 293H cells that were induced to express NRAS(Q61K). CRAF-bound BRAF proteins were determined by immunoprecipitation followed by western blot analysis. The results show RAS-dependent enhanced binding of CRAF to hypoactive BRAF mutants compared to their binding to wild-type BRAF. For gel source data, see Supplementary Fig. 8. c, V5-tagged wild-type or mutant BRAF kinases were expressed in Raf1-knockout cells with or without V5-tagged CRAF expression. For gel source data, see Supplementary Fig. 8. d, 293H cells were transfected with plasmids that encode the indicated BRAF proteins. After 24 h, the cells were collected. Cell lysates were then analysed by western blot with the indicated antibodies. For gel source data, see Supplementary Fig. 8. e, 293H cells stably expressing Flag-tagged NRAS(Q61K) were transfected with pcDNA3 plasmids expressing indicated proteins. The interaction between active RAS and the indicated BRAF proteins was determined by immunoprecipitation with anti-Flag beads. For gel source data, see Supplementary Fig. 9. f, 293H cells stably expressing Flag-tagged NRAS(Q61K) were treated with indicated RAF inhibitors for 1 h. The mutant RAS-bound BRAF and CRAF proteins were pulled down by immunoprecipitation with anti-Flag antibody and examined by western blot with indicated antibodies. For gel source data, see Supplementary Fig. 9. g, V5 tagging identified BRAF or CRAF proteins that were expressed in 293H cells stably expressing Flag-tagged NRAS(Q61K). BRAF(T529M) and CRAF(T421N) gatekeeper mutants that do not bind inhibitors were used as controls. NRAS-bound mutant BRAF and CRAF proteins were pulled down by anti-FLAG antibody from cells treated with or without dabrafenib (1 μM, 1 h). The immunoprecipitated proteins were assayed by western blot. For gel source data, see Supplementary Fig. 9.


Extended Data Figure 3 ERK signalling in hypoactive BRAF-mutant cells is sensitive to trametinib.
a, Inhibition of ERK signalling in a panel of cell lines exposed trametinib for 1 h at indicated doses. For gel source data, see Supplementary Fig. 10. b, The cell lines as indicated in a were treated with different concentrations of trametinib for 3 days. Cell viability was determined by ATP-Glo assay. Dose-dependent inhibition curves were generated using Prism 6 (mean ± s.d., n = 8).


Extended Data Figure 4 In hypoactive BRAF-mutant tumours with wild-type RAS/NF1 ERK signalling is sensitive to upstream inhibition of RAS.
a, Cells isolated from the patient-derived xenograft (PDX) models as described (Fig. 4b) were treated with increasing doses of vemurafenib for 1 h or cetuximab for 4 h. Levels of indicated proteins were examined by western blot. For gel source data, see Supplementary Fig. 10. b, RTK phosphorylation profile of the cells isolated from the ovarian metastatisis derived PDX (BRCC-OVA) was assessed with Human Phospho-RTK arrays. The elevated p-EGFR and p-MET bands are within the red and green rectangles, respectively. c, Cells isolated from BRCC-OVA were treated with indicated drugs for 4 h and cell lysates were then analysed. For gel source data, see Supplementary Fig. 11. d, e, The BRCC-OVA cells were treated with indicated drugs or combinations thereof over a range of drug concentrations for 4 h. INC280 is a selective inhibitor of MET activity. The ERK signalling was assayed by western blot. The cellular RAS–GTP level was determined using the active RAS pull-down assay. For gel source data, see Supplementary Fig. 11. f, The growth inhibition of BRCC-OVA cells with indicated drugs at 0, 1, 3, 10, 30, 100, 300 and 1,000 nM of trametinib or 0, 10, 30, 100, 300, 1,000, 3,000 and 10,000 nM of INC280 or combination of increasing dose of trametinib with 100 nM INC280 was determined by ATP-Glo assay after 3 days of treatment. Graphs were generated using Prism 6 (mean ± s.d., n = 8).


Extended Data Table 1 Genetic alterations of the CRC patient sampleFull size table


Extended Data Table 2 Mutations of the BRCC tumour samplesFull size table
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        Editorial Summary
Inactive BRAF mutants in cancer
Mutant alleles of the kinase BRAF have been identified in human tumours, some of which have activated catalytic functions, whereas others have impaired or absent kinase activity. Here Neal Rosen and colleagues have characterized the less-understood hypoactive BRAF mutants. They find that these mutants bind more tightly to the upstream regulator RAS in order to amplify signalling and require coexistent mechanisms for RAS activation in the tumour in order to function. The mechanistic action of these hypoactive BRAF mutants is different to that of the activated mutants and dictates their sensitivity to therapeutic inhibitors of the pathway. Elsewhere in this issue, David Santamaria and colleagues show that kinase-inactive BRAF mutants can initiate the development of lung adenocarcinoma in mice.
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