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            Abstract
Treatment of BRAF(V600E) mutant melanoma by small molecule drugs that target the BRAF or MEK kinases can be effective, but resistance develops invariably1,2. In contrast, colon cancers that harbour the same BRAF(V600E) mutation are intrinsically resistant to BRAF inhibitors, due to feedback activation of the epidermal growth factor receptor (EGFR)3,4. Here we show that 6 out of 16 melanoma tumours analysed acquired EGFR expression after the development of resistance to BRAF or MEK inhibitors. Using a chromatin-regulator-focused short hairpin RNA (shRNA) library, we find that suppression of sex determining region Y-box 10 (SOX10) in melanoma causes activation of TGF-Î² signalling, thus leading to upregulation of EGFR and platelet-derived growth factor receptor-Î² (PDGFRB), which confer resistance to BRAF and MEK inhibitors. Expression of EGFR in melanoma or treatment with TGF-Î² results in a slow-growth phenotype with cells displaying hallmarks of oncogene-induced senescence. However, EGFR expression or exposure to TGF-Î² becomes beneficial for proliferation in the presence of BRAF or MEK inhibitors. In a heterogeneous population of melanoma cells having varying levels of SOX10 suppression, cells with low SOX10 and consequently high EGFR expression are rapidly enriched in the presence of drug, but this is reversed when the drug treatment is discontinued. We find evidence for SOX10 loss and/or activation of TGF-Î² signalling in 4 of the 6 EGFR-positive drug-resistant melanoma patient samples. Our findings provide a rationale for why some BRAF or MEK inhibitor-resistant melanoma patients may regain sensitivity to these drugs after a â€˜drug holidayâ€™ and identify patients with EGFR-positive melanoma as a group that may benefit from re-treatment after a drug holiday.
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                    Figure 1: Acquired EGFR expression in BRAF(V600E) mutant melanoma after vemurafenib resistance.[image: ]


Figure 2: FACS-assisted shRNA genetic screen identifies SOX10 as a determinant of vemurafenib resistance and EGFR expression.[image: ]


Figure 3: Activation of TGF-Î² signalling leads to increased EGFR and PDGFRB expression.[image: ]


Figure 4: Inverse relationship between SOX10 and receptor tyrosine kinase expression in melanoma.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Ectopic expression of oncogenic version of EGFR effectors induces senescence at different levels.
Oncogenic BRAF(V600E), MEK (MED-DD), PIK3CA(H1047R), or AKT (Myr-AKT) were introduced to A375 cells by retroviral transduction. pBabe empty vector served as a control vector (Ctrl). Senescence was detected by staining of Î²-galactosidase activity. All experiments shown were performed independently at least three times.


Extended Data Figure 2 Effects of SOX10 suppression in melanoma.
a, Suppression of SOX10 strongly induces EGFR expression. Multiple independent shRNA vectors (5 vectors per gene) targeting the top 10 gene candidates were individually introduced to A375 cells by lentiviral transduction. The level of EGFR induction was determined by qRTâ€“PCR analysis of the relative mRNA level of EGFR. pLKO.1 empty vector served as a control vector (Ctrl). b, Knockdown efficiency of the shRNA vectors targeting the top 10 gene candidates from the genetic screen. Multiple independent shRNA vectors targeting the top 10 candidate genes were individually introduced to A375 cells by lentiviral transduction. The knockdown efficiency of the shRNA vectors was determined by qRTâ€“PCR analysis of the mRNA levels of the corresponding genes. Means of duplicate measurements are shown. c, SOX10 suppression leads to EGFR upregulation in a second BRAF(V600E) mutant melanoma cell line SK-MEL-28. Error bars represent s.d. of measurement replicates (n = 3). d, Two independent shRNAs targeting SOX10 confer vemurafenib resistance. A375 cells expressing shRNAs against SOX10 were seeded at the same density in 96-well plates and treated with vemurafenib at the indicated concentrations for 6â€‰days. Cell viability was determined by CellTiter-Blue assay according to the manufacturerâ€™s instruction. Relative survival is presented as the ratio of cell viability in the presence of vemurafenib to that in the absence of drug treatment. Error bars represent the s.d. of triplicate independent experiments. e, SOX10 suppression is a disadvantage for melanoma cell proliferation. shRNAs targeting SOX10 were introduced into A375 cells by lentiviral transduction. pLKO.1 empty vector served as a control vector (Ctrl). After puromycin selection, cells were seeded in 384-well and cell confluence was measured by IncuCyte imaging system. Error bars represent s.d. of triplicate independent experiments. f, SOX10 suppression induces senescence. Senescence was detected by staining of Î²-galactosidase activity. g, Western blot analysis of RB protein, CDK inhibitors CDKN1A (p21cip1) and CDKN1B (p27kip1) in SOX10 knockdown A375 cells. HSP90 served as a loading control. h, Vemurafenib treatment selects for cells that have higher level of EGFR and lower level of SOX10. A375 cells expressing shRNAs targeting SOX10 as described above were cultured in the absence or presence of 1â€‰Î¼M vemurafenib for 10â€‰days before the sample collection for qRTâ€“PCR analysis. Error bars represent s.d. of measurement replicates (n = 3). All experiments shown, except panels a and b, were performed independently at least three times.


Extended Data Figure 3 SOX10 knockdown and TGF-Î² activation induce multiple RTKs.
a, EGFR inhibition (gefinitib) is not sufficient to restore vemurafenib sensitivity of SOX10 knockdown cells. Targeting PI3K, a common downstream effector of RTKs, with a selective inhibitor (GDC0941) sensitizes SOX10 knockdown cells to vemurafenib. shRNAs targeting SOX10 were introduced into A375 cells by lentiviral transduction. pLKO.1 empty vector served as a control vector (Ctrl). Cells were seeded in 6-well plates at the same density in the presence or absence of drug(s) at the indicated concentration. Cells were cultured for 2â€‰weeks in the absence of vemurafenib or 4â€‰weeks in the presence of vemurafenib before fixing and staining. Figure 2e is shown again as a reference. b, Increased RTKs activation in SOX10 knockdown cells by long-term vemurafenib treatment. A375 cells infected by shSOX10-1 vector or the PLKO.1 empty vector (Ctrl) were cultured in the absence or presence of 1â€‰Î¼M vemurafenib for the indicated number of days and processed with Human Phospho-Receptor Tyrosine Kinase Array Kit (R&D) according to the manufacturerâ€™s instructions. c, SOX10 knockdown upregulates both EGFR and PDGFRÎ². Quantification of protein and mRNA were accomplished by western blot and qRTâ€“PCR analysis. Error bars represent s.d. of measurement replicates (n = 3). d, Increased RTKs activation in A375 cells by long-term treatment with recombinant TGF-Î² (200â€‰pg mlâˆ’1) and vemurafenib (1â€‰Î¼M). A375 cells were cultured in the presence of vemurafenib (1â€‰Î¼M), recombinant TGF-Î² (200â€‰pg mlâˆ’1) or their combination for indicated number of days and processed with Human Phospho-Receptor Tyrosine Kinase Array Kit (R&D) according to the manufacturerâ€™s instructions. All experiments shown except RTK array analysis were performed independently at least twice.


Extended Data Figure 4 SOX10 loss activates TGF-Î² signalling and induces senescence in WM266-4 cells.
a, SOX10 loss confers vemurafenib resistance in BRAF(V600D) melanoma cell line WM266-4. Cells expressing empty vector PLKO.1 (Ctrl) or shRNAs targeting SOX10 transduced by lentivirus were treated with increasing concentrations of vemurafenib for 6â€‰days. Cell viability was determined by CellTiter-Blue assay according to the manufacturerâ€™s instructions. Relative survival is represented as the ratio of cell viability in the presence of vemurafenib to that in the absence of drug treatment. Error bars represent s.d. of triplicate independent experiments. b, SOX10 downregulation leads to growth deficit in WM266-4 cells. Cells expressing the control vector pLKO.1 (Ctrl) or shRNAs against SOX10 were seeded at the same density in 96-well plates and cultured for 6â€‰days. Cell viability was determined by CellTiter-Blue assay. Error bars represent s.d. of triplicate independent experiments. c, SOX10 suppression results in EGFR and PDGFRB upregulation in WM266-4 cells. Error bars represent s.d. of measurement replicates (n = 3). d, SOX10 loss upregulates TGF-Î² receptor and its bona fide target genes. Relative mRNA level of EGFR, PDGFRB, SOX10, ANGPTL4, TAGLN, CYR61, CTGF, TGFBR2 and JUN were determined by qRTâ€“PCR analysis. pLKO.1 empty vector served as a control vector (Ctrl). Error bars represent s.d. of measurement replicates (n = 3). e, SOX10 suppression induces senescence in WM266-4 cells. Senescence was detected by staining of Î²-galactosidase activity. f, Western blot analysis of RB protein, p-RB (S780), and CDK inhibitor CDKN1B (p27kip1) in SOX10 knockdown cells. HSP90 served as a loading control. g, Vemurafenib treatment compromises oncogene induced senescence in SOX10 knockdown cells. WM266-4 cells expressing pLKO.1 (Ctrl) or shSOX10-1 were seeded at the same density in 6-well plates and cultured in the absence or presence of vemurafenib at indicated concentration for 72â€‰h before the sample collection for western blot analysis. All experiments shown were performed independently at least three times.


Extended Data Figure 5 SOX10 loss activates TGF-Î² signalling and induces senescence in COLO679 cells.
a, SOX10 loss confers vemurafenib resistance in BRAF(V600E) melanoma cell line COLO679. Cells expressing empty vector pLKO.1 (Ctrl.) or shRNAs targeting SOX10 transduced by lentivirus were treated with increasing concentrations of vemurafenib for 6â€‰days. Cell viability was determined using CellTiter-Blue according to the instruction of manufacturer. Relative survival is represented as the ratio of cell viability in the presence of vemurafenib to that in the absence of drug treatment. Error bars represent s.d. of triplicate independent experiments. b, SOX10 downregulation leads to growth deficit in COLO679 cells. Cells expressing the control vector pLKO.1 (Ctrl) or shRNAs targeting SOX10 were seeded at the same density in 96-well plates and cultured for 6â€‰days. Cell viability was determined using CellTiter-Blue assay. Error bars represent s.d. of triplicate independent experiments. c, SOX10 suppression results in EGFR and PDGFRB upregulation in COLO679 cells. Error bars represent s.d. of measurement replicates (n = 3). d, SOX10 loss upregulates TGF-Î² receptor and its bona fide target genes in COLO679 cells. Relative mRNA level of EGFR, PDGFRB, SOX10, ANGPTL4, TAGLN, CYR61, CTGF, TGFBR2 and JUN were determined by qRTâ€“PCR analysis. pLKO.1 empty vector served as a control vector (Ctrl). Error bars represent s.d. of measurement replicates (n = 3). e, SOX10 suppression induces senescence in COLO679 cells. Senescence was detected by staining of Î²-galactosidase activity. f, Western blot analysis of RB protein, p-RB (S780) and CDK inhibitor CDKN1B (p27kip1) in SOX10 knockdown cells. HSP90 served as a loading control. All experiments shown were performed independently at least three times.


Extended Data Figure 6 EGFR and SOX10 expression are inversely correlated in melanoma.
a, A375 cells infected by two independent non-overlapping shSOX10 vectors or the pLKO.1 empty vector (Ctrl) were cultured in the absence or presence of 1â€‰Î¼M vemurafenib for the indicated number of days. The last two samples (labelled in blue) were first treated with 1â€‰Î¼M vemurafenib for 10â€‰days and subsequently cultured in the absence of vemurafenib for the indicated number of days. Means of duplicate measurements are shown. b, Inverse correlation between SOX10 and PDGFRB in panel of human BRAF mutant melanoma cell lines. Relative gene expression levels of SOX10 and PDGFRB were acquired from Cancer Cell Line Encyclopedia (CCLE). R stands for Pearson product-moment correlation coefficient. c, d, Ectopic expression of SOX10 suppresses TGF-Î² signalling and downregulates EGFR and PDGFRB in LOXIMVI cell line. SOX10 was introduced to LOXIMVI cells by lentiviral transduction (SOX10, pLX301-SOX10). pLX301-GFP served as a control vector (Ctrl). Protein levels were determined by western blot analysis and mRNA levels were determined by qRTâ€“PCR analysis. Error bars represent s.d. of measurement replicates (n = 3). e, Ectopic expression of SOX10 sensitizes LOXIMVI cell to vemurafenib. Cells expressing GFP or SOX10 transduced by lentivirus were treated with increasing concentrations of vemurafenib for 6â€‰days. Cell viability was determined using CellTiter-Blue assay. Relative survival is represented as the ratio of cell viability in the presence of vemurafenib to that in the absence of drug treatment. Error bars represent s.d. of triplicate independent experiments. f, SOX10, EGFR and PDGFRB expression levels in tumour biopsies from patient 3. g, EGFR expression levels in patient tumour samples (patient 2, 3 and 5), represented as percentage of EGFR transcript reads of the total number of transcript reads obtained through RNA-seq analysis. h, Gene expression level of TGF-Î² receptors and target genes in tumour biopsies from patient 3. fâ€“h, Total RNA was isolated from FFPE specimens derived from tumour biopsies of patient as indicated both before and after development of drug resistance (Fig. 1a, b). After reverse transcription, gene expression levels were determined by transcriptome sequencing. All experiments shown except the ones that involve clinical samples were performed independently at least twice.


Extended Data Figure 7 Role of BRAF and MITF in SOX10-induced drug resistance.
a, PCR analysis of a BRAF splicing variant in cDNA from patient 5. PCR primers flanking the junction of exon 3 and exon 9 was used to detect the 61â€‰kDa BRAF variant identified by ref. 7. cDNA derived from C4 clone of SKMEL-239 cells served as a positive control. b, Differential gene expression of BRAF and neural cell markers in patient biopsies. Total RNA was isolated from FFPE specimens derived from tumour biopsies of patient 5 before and after development of drug resistance (Fig. 1b). After reverse transcription, gene expression levels were determined by transcriptome sequencing. c, SOX10 suppression leads to MITF downregulation. The mRNA levels of MITF and SOX10 were determined by qRTâ€“PCR analysis. pLKO.1 empty vector served as a control vector (Ctrl). Error bars represent s.d. of measurement replicates (n = 3). d, Suppression of MITF does not induce EGFR or PDGFRB. shRNAs targeting MITF were introduced to A375 cells by lentiviral transduction. Relative mRNA level of SOX10, MITF, EGFR, PDGFRB and DCT were determined by qRTâ€“PCR analysis. Error bars represent s.d. of measurement replicates (n = 3). e, MITF knockdown does not affect vemurafenib sensitivity. shRNAs targeting MITF were introduced to A375 cells by lentiviral transduction. Cells were seeded at the same density in 6-well plates and cultured in the absence or presence of vemurafenib (for 3â€‰weeks) at the indicated concentrations. The cells were fixed, stained and photographed. All experiments shown except the ones that involve clinical samples were performed independently at least twice.
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