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            Abstract
In BRAF(V600)-mutant tumours, most mechanisms of resistance to drugs that target the BRAF and/or MEK kinases rely on reactivation of the RAS–RAF–MEK–ERK mitogen-activated protein kinase (MAPK) signal transduction pathway, on activation of the alternative, PI(3)K–AKT–mTOR, pathway (which is ERK independent) or on modulation of the caspase-dependent apoptotic cascade1,2,3. All three pathways converge to regulate the formation of the eIF4F eukaryotic translation initiation complex, which binds to the 7-methylguanylate cap (m7G) at the 5′ end of messenger RNA, thereby modulating the translation of specific mRNAs4,5. Here we show that the persistent formation of the eIF4F complex, comprising the eIF4E cap-binding protein, the eIF4G scaffolding protein and the eIF4A RNA helicase, is associated with resistance to anti-BRAF, anti-MEK and anti-BRAF plus anti-MEK drug combinations in BRAF(V600)-mutant melanoma, colon and thyroid cancer cell lines. Resistance to treatment and maintenance of eIF4F complex formation is associated with one of three mechanisms: reactivation of MAPK signalling, persistent ERK-independent phosphorylation of the inhibitory eIF4E-binding protein 4EBP1 or increased pro-apoptotic BCL-2-modifying factor (BMF)-dependent degradation of eIF4G. The development of an in situ method to detect the eIF4E–eIF4G interactions shows that eIF4F complex formation is decreased in tumours that respond to anti-BRAF therapy and increased in resistant metastases compared to tumours before treatment. Strikingly, inhibiting the eIF4F complex, either by blocking the eIF4E–eIF4G interaction or by targeting eIF4A, synergizes with inhibiting BRAF(V600) to kill the cancer cells. eIF4F not only appears to be an indicator of both innate and acquired resistance but also is a promising therapeutic target. Combinations of drugs targeting BRAF (and/or MEK) and eIF4F may overcome most of the resistance mechanisms arising in BRAF(V600)-mutant cancers.
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                    Figure 1: The formation of the eIF4F translation initiation complex is associated with resistance to BRAF inhibitors.[image: ]


Figure 2: Identification of mechanisms of resistance associated with persistent eIF4F formation.[image: ]


Figure 3: Flavaglines target eIF4F and synergize with vemurafenib.[image: ]


Figure 4: Formation of the eIF4F complex in patients.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Sensitivity of melanoma cell lines to anti-BRAF, anti-MEK or anti-MNK inhibitors.
a, Short-term growth-inhibition assay of the indicated cell lines (SK-MEL-28, A375, Mel888, SK-MEL-5, A2058, Mel624 and Mel10) treated with increasing concentrations of vemurafenib, dabrafenib, PD0325901, trametinib and CGP 57380 for 48 h. The Mel10 cell line does not have a mutated BRAF gene and was used as a control vemurafenib-insensitive cell line. Cell viability was determined using the WST-1 cell proliferation assay. The data are presented as the mean ± s.d. (n = 3). b, c, Long-term colony formation assay of the indicated cell lines. Cells were grown in the absence or presence of vemurafenib (b) or dabrafenib and trametinib (c) at the indicated concentrations for 2 weeks. For each cell line, all dishes were fixed at the same time, stained and photographed.


Extended Data Figure 2 Xenograft study.
a, Growth of A375 and Mel624 cells as tumour xenografts in nude mice treated with vehicle or increasing concentrations of PLX4720 (Plx). Mean tumour volumes + s.e.m. are shown (vehicle and 200 mg Plx per kg body weight groups of A375- and Mel624-xenografted mice comprised 4 mice; 90 mg and 417 mg Plx per kg body weight groups of A375-xenografted mice comprised 3 mice; 90 mg and 417 mg Plx per kg body weight groups of Mel624-xenografted mice comprised 5 mice). Significance was determined by one-sided Mann–Whitney U test (*, P < 0.05; **P < 0.01). b, Interactions between eIF4E and eIF4G (eIF4E–eIF4G) or eIF4E and 4EBP1 (eIF4E–4EBP1) detected by in situ proximity ligation assay (PLA) in paraffin-embedded tissue sections of A375 and Mel624 xenografts from Plx-treated mice. The interactions were visualized as brown spots. c, Quantification of the PLA showing the ratio between the number of purple spots corresponding to the eIF4E–eIF4G interaction per 100 nuclei and the number of purple spots corresponding to the eIF4E–4EBP1 interaction per 100 nuclei, normalized to the same ratio before treatment. Error bars, s.d. d, Growth of Mel624 cells as tumour xenografts in nude mice treated with vehicle, a low dose of Plx alone, FL3 alone or a combination of Plx and FL3. FL3 treatment was stopped after 13 days. The data are presented as the mean + s.e.m. (Vehicle, 15 mg FL3 per kg body weight, and 90 mg Plx per kg body weight plus 15 mg FL3 per kg body weight groups comprised 6 mice; 90 mg Plx per kg body weight group comprised 3 mice.) Significance was determined by one-sided Mann–Whitney U test (*, P < 0.05).


Extended Data Figure 3 Protein synthesis rates and polysome profiles.
a, Protein synthesis rates were determined in A375 cells treated for the indicated times (3 or 24 h) with vehicle (dimethylsulphoxide (DMSO)) or 0.7 or 6 µM vemurafenib or for 15 min with 10 µM cycloheximide. Cells were then pulsed for 30 min with [35S]Cys/Met, and the incorporation of 35S into proteins was quantified and normalized to the total protein amount. The data are presented as the mean (n = 2). b, Polysome profiles of A375 and Mel624 cells treated with DMSO or 6 µM vemurafenib for 3 h. The area under the curve was measured with ImageJ software. OD, optical density; RNP, ribonucleoparticle. c, Volcano plot showing a subset of 251 mRNAs that were differentially translated between vemurafenib-treated and untreated A375 cells. Of these 251 mRNAs, 73 were overexpressed (red), and 178 were underexpressed (green). d, A table showing some of the genes that encode mRNAs whose translation is inhibited by vemurafenib in A375 cells (see also Supplementary Table 2). These mRNAs belong to the TOP mRNA class, the members of which contain a TOP motif and/or encode translation factors and ribosomal proteins.


Extended Data Figure 4 Translation of selected mRNAs in vemurafenib-treated melanoma cell lines.
The abundance of EEF1G, HNRNPA1, EIF3L, FOSB, TBP (control) and HPRT (control) transcripts in fractions from Extended Data Fig. 3b were quantified by quantitative reverse transcription PCR (qRT–PCR). The percentage of each mRNA in each fraction was calculated.


Extended Data Figure 5 Formation of the eIF4F complex using a PLA procedure.
a, The specificity of the PLA was evaluated by omitting one of the two primary antibodies or the two primary antibodies and by omitting the minus and plus PLA probes. b, The interactions between eIF4E and eIF4G (eIF4E–eIF4G) and eIF4E and 4EBP1 (eIF4E–4EBP1) detected by in situ PLA in the indicated cell lines treated for 24 h with the small molecule inhibitor 4EGI-1, which disrupts eIF4E–eIF4G interaction14. The interactions were visualized as red fluorescent spots. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). c, The interactions between eIF4E and eIF4G (eIF4E–eIF4G) or eIF4E and 4EBP1 (eIF4E–4EBP1) detected by in situ PLA in siRNA-mediated eIF4E-depleted A375 cells. The interactions were visualized as red fluorescent spots. The cell nuclei were stained with DAPI (blue). d, Western blot analysis with antibodies specific for eIF4E and β-actin, to evaluate siRNA-mediated depletion of eIF4E.


Extended Data Figure 6 Formation of the eIF4F complex in vemurafenib-treated melanoma cell lines and analysis of eIF4G cleavage.
a, Quantification of the PLA showing the number of red spots (corresponding to eIF4E–eIF4G or eIF4E–4EBP1 interactions) per 100 nuclei (quantified with Volocity software). The data are presented as the mean ± s.d. (n = 3). Significance was determined by Mann–Whitney U test (*, P < 0.05; **, P < 0.01). b, The interactions between eIF4E and eIF4G (eIF4E–eIF4G) or eIF4E and 4EBP1 (eIF4E–4EBP1) detected by in situ PLA in A375 cells treated for 24 h with vemurafenib at the indicated concentrations. The interactions were visualized as red fluorescent spots. The cells were counterstained with DAPI (blue). White numbers correspond to means, and error bars are derived from three replicates. c, Time course of the interactions between eIF4E and eIF4G (eIF4E–eIF4G) detected by in situ PLA in response to the treatment of A375 cells with 6 µM vemurafenib. The interactions were visualized as red fluorescent spots at the indicated times. d, A375 cells were treated (or not treated) with 6 µM vemurafenib and collected at the indicated times for western blot analysis with antibodies specific for eIF4G, eIF4E and GAPDH. The cleaved eIF4G:full-length eIF4G density ratio and the eIF4E:GAPDH density ratio (indicated in blue for each time point) were quantified by densitometric scanning of the blots followed by ImageJ analysis.


Extended Data Figure 7 Formation of the eIF4F complex in anti-BRAF and anti-MEK treated melanoma cell lines and analysis of the synergistic effect of FL3 and anti-MEK compounds.
a, The interactions between eIF4E and eIF4G (eIF4E–eIF4G) detected by in situ PLA in A375 and A2058 cell lines treated for 24 h with dabrafenib, trametinib or a combination of dabrafenib and trametinib. The interactions were visualized as red fluorescent spots with confocal microscopy (Leica SPE). Cell nuclei were stained with DAPI (blue). b, Quantification of the PLA results showing the number of red spots (corresponding to the eIF4E–eIF4G or eIF4E–4EBP1 interactions) per 100 nuclei calculated with Volocity software. The data are presented as the mean ± s.d. (n = 3). Significance was determined by the Mann–Whitney U test (*, P < 0.05; **, P < 0.01). c, Isobolograms showing the correlation between the observed and expected effects of the combination of MEK inhibitors (such as PD0325901 or trametinib) and FL3 on the Mel624 cell line. The upper left region of the figure represents increasing degrees of synergy. The minimum and maximum Bliss index values are shown as an interval within square brackets under each isobologram. The Bliss index was calculated as the ratio observed:expected, where 1, <0 or >1 indicate additive, antagonistic or synergistic effects, respectively.


Extended Data Figure 8 Formation of the eIF4F complex in various vemurafenib-treated cell lines.
a, The eIF4E–eIF4G and eIF4E–4EBP1 interactions detected by in situ PLA in the Malme-3M melanoma cell line and its vemurafenib-resistant counterpart (R-Malme-3M) after treatment with 6 μM vemurafenib (24 h) or no treatment. The interactions were visualized as red fluorescent spots. Cell nuclei were stained with DAPI (blue). White numbers correspond to the mean ± s.d. derived from three replicates quantified with ImageJ. b, The eIF4E–eIF4G and eIF4E–4EBP1 interactions detected by in situ PLA in the HT-29 colon cancer cell line and the BCPAP thyroid cancer cell line treated with 6 μM vemurafenib (24 h) or untreated. The interactions were visualized as red fluorescent spots. Cell nuclei were stained with DAPI (blue).


Extended Data Figure 9 Involvement of BMF in relative resistance to vemurafenib and analysis of rapamycin effects on AKT, S6 and 4EBP1 phosphorylation.
a, Relative proliferation of A375 cells after siRNA-mediated depletion of 27 mRNAs associated with the result in Fig. 2d. The data are presented as the mean ± s.d. (n = 3). Significance was determined by Student’s t- test (*, P < 0.05). b, Relative expression of BMF mRNA (as determined by qRT–PCR) after siRNA-mediated depletion of BMF (si-BMF) in A375 cells. Data are presented as the mean ± s.d. (n = 3). Significance was determined by Student’s t-test (**, P < 0.01). c, Western blot analysis with antibodies specific for phosphorylated (P-) and/or total AKT, S6, 4EBP1 and ERK1/2 (ERK) on cell extracts of the MDA-MB-468 breast cancer and Mel624 melanoma cell lines treated for 24 h with the indicated concentrations of rapamycin.


Extended Data Figure 10 Formation of the eIF4F complex in each of the tumour samples from seven patients.
The eIF4E–eIF4G and eIF4E–4EBP1 interactions detected by in situ PLA in tumour samples collected from each patient (patient 1 to 7), before and during vemurafenib or dabrafenib treatment. Each brown spot represents an interaction.
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eIF4F a factor in BRAF melanomas
BRAF mutations occur frequently in melanomas. Although agents targeting mutant BRAF have proven successful in the clinic, patients generally develop resistance. This study from Stéphan Vagner and colleagues shows that one reason for resistance can be the persistent formation of a protein complex called eIF4F, which is normally reduced upon treatment with BRAF inhibitors. eIF4F is involved in the translation of factors that can maintain the BRAF signalling pathway. Inhibition of a component of eIF4F, namely eIF4A, is shown to cooperate with BRAF inhibitors in reducing melanoma growth, and provides a rationale for why eIF4A inhibitors such as silvestrol have previously been recognized as anticancer agents. In a separate study in this issue, Hans-Guido Wendel and colleagues show that a subset of oncoprotein- and transcription factor-encoding mRNAs that are dependent on eIF4A1 contain a G-quadruplex-forming structure in their 5′ untranslated regions.
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