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Melanoma is a deadly form of skin cancer with high rates of resistance to traditional chemotherapy and radiotherapy. BRAF inhibitors (BRAFi) can achieve initial efficacy when used to treat melanoma patients, but drug resistance and relapse are common, emphasizing the need for new therapeutic strategies. Herein, we reported that combination of dimethyl fumarate (DMF) and vemurafenib (Vem) inhibited melanoma cell proliferation more significantly and induced more cell death than single agent did both in vitro and in vivo. DMF/Vem treatment induced cell death through inhibiting the expression and transcriptional activity of NRF2 thereby resulting in more reactive oxygen species (ROS) and via inhibiting the expression of YAP, a key downstream effector of Hippo pathway. DMF/Vem treatment also reduced phosphorylation of AKT, 4EBP1, P70S6K and ERK in AKT/mTOR/ERK signaling pathways. RNA-seq analysis revealed that DMF/Vem treatment specifically suppressed 4561 genes which belong to dozens of cell signaling pathways. These results indicated that DMF/Vem treatment manifested an enhanced antitumor efficacy through inhibiting multiple cell signaling pathways, and thus would be a novel promising therapeutic approach targeted for melanoma.
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Introduction

Malignant melanoma is a highly aggressive form of skin cancer that arises when melanocytes accumulate particular oncogenic mutations (1, 2). While relatively rare, melanoma is nonetheless the cause of most skin cancer-related mortality at present (3). This is in part because these tumors are prone to rapid metastasis, and metastatic melanoma is associated with a poor prognosis and median survival duration of just 6-9 months (4). Early-stage cutaneous melanoma tumors can be cured via surgical excision, whereas metastatic melanoma cannot be readily cured owing to the high metastatic burden and the difficulty of detecting these metastases using imaging tools or accessing them surgically (5). Systemic treatments for melanoma patients include a combination of chemotherapy, targeted therapies (MAPK pathway inhibitors), and immunotherapies (immune checkpoint inhibitors) (6, 7). However, many of these melanoma treatments are subject to substantial limitations (8). Dacarbazine (DTIC), for example, has been approved for the chemotherapeutic treatment of melanoma, but it only yields some level of response in 15-20% of treated individuals (9). While the advents of targeted therapies and immunotherapeutic regimens have significantly prolonged melanoma patient overall survival, treatment failure is nonetheless common and both the acquisition of drug resistance and severe adverse events are common.

The MAPK signaling pathway serves as a central regulator of essential cellular processes including proliferation, differentiation, migration and apoptosis. Mutations which result in aberrant MAPK pathway activation most often drive melanoma tumorigenesis (10). Roughly half of all cutaneous melanomas carry activating mutations in the BRAF gene which encodes for a key MAPK signaling protein, of these mutations 90% are the BRAFV600E (11, 12). This finding lead to the development of small-molecule inhibitors of mutant BRAF, including vemurafenib (Vem), dabrafenib, and encorafenib (13, 14). Vem has been approved by the Food and Drug Administration (FDA) for the targeted treatment of unresectable or metastatic melanomas harboring activating BRAFV600E mutation (15), and tumor regression has been reported in 90% of patients treated with Vem (6, 15). However, melanomas tend to acquire Vem resistance rapidly through MAPK pathway reactivation and PI3K-AKT-mTOR pathway activation, or other mechanisms, ultimately constraining the therapeutic utility of this inhibitor (7). The common mechanisms that result in MAPK reactivation and persistent ERK signaling typically include changes in BRAF, NRAS, MEK, and neurofibromin 1 (NF1) (16, 17). Thus MEK inhibitors (MEKi) including cobimetinib, trametinib, and binimetinib have been designed to overcome the BRAF inhibitor (BRAFi)-related MAPK pathway reactivation. Combination of cobimetinib with Vem was first approved in 2015 for treating melanomas harboring BRAF mutations and were not eligible for surgical excision or were metastatic (18). Recently, combination of BRAFi with MEKi therapeutic regimens (vemurafenib/cobimetinib, dabrafenib/trametinib, and encorafenib/binimetinib) have been employed as the first-line therapeutic options for individuals diagnosed with BRAF-mutant metastatic melanoma (19–21), resulting in median progression-free survival (PFS) and overall survival (OS) durations of 11-15 and 22-33 months, respectively, for treated individuals (19, 21, 22). Among these, the combined treatment of dabrafenib with trametinib gave rise to a 5-year survival rate of 34% of individuals (23). However, these combination treatment regimens were commonly followed by acquisition of resistance over a period of several months (24), and even have no effect in 15-20% of patients harboring BRAFV600E mutations (25). It is thus critical for novel drugs or combinations to be identified in order to further improve clinical outcomes in malignant melanoma patients (26).

Dimethyl fumarate (DMF; trade name: Tecfidera) is a drug that has been registered for the treatment of relapsing-remitting multiple sclerosis and psoriasis, exhibiting satisfactory safety characteristics (http://www.fda.gov) (27). It was first reported in 2006 that DMF treatment was sufficient to induce anti-proliferative and pro-apoptotic effects which constrained melanoma growth and metastasis in vitro and in vivo (28). Recent work has further confirmed that DMF can inhibit the invasive and metastatic activity of melanoma cells by suppressing matrix metalloproteinase expression (29, 30). More recent preclinical evidences also suggested that DMF might exhibit potential antitumor activity when used to treat melanoma (28, 29), breast cancer (31), colon cancer (32, 33), ovarian cancer (34), and lung cancer (32). Moreover, a combination of DTIC and DMF significantly reduced lymph vessel density in primary tumors and impaired melanoma cell migration in vitro (35). DMF has been found to target a range of pathways involved in cancer pathogenesis to achieve antitumor efficacy, including nuclear factor erythroid 2 (NF-E2)-related factor 2 (NRF2), protein deglycase DJ-1/Parkinson disease protein 7 (DJ-1), and extracellular signal-regulated kinase 1 and 2 (ERK1/2) (27). Despite these findings, further researches are needed to understand the context- and cancer type-dependent mechanisms underlying the anti-tumor effects of DMF treatment. In particular, the anti-melanoma activities of DMF triggered our interest in exploring the effects and mechanisms of combined treatment of DMF with BRAFV600E inhibitors for melanoma in an effort to design novel clinical combinational regimens for improving melanoma patient outcomes.

Herein, we evaluated the anti-melanoma efficacy of DMF/Vem treatment and explored the mechanisms underlying such efficacy. We found that DMF/Vem treatment was associated with significantly enhanced suppression of melanoma cell proliferation and increased apoptotic tumor cell death in vitro and in vivo. These anticancer activities were at least partially attributable to the induction of a burst of reactive oxygen species (ROS) production and concomitant inhibition of the Hippo/YAP, NRF2-ARE, and AKT/mTOR/ERK signaling pathways.



Materials and Methods


Cell Culture and Reagents

Human A375 cutaneous melanoma cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), and were cultured in DMEM (Gibco, USA) containing 10% (v/v) fetal bovine serum (FBS; Gibco), 100 μg/mL streptomycin (Gibco), and 100 U/mL penicillin (Gibco), in a 5% CO2 humidified incubator (Sanyo, Japan) at 37°C.

Dimethyl fumarate (DMF) and tert-butyl hydro-peroxide (t-BHP) were purchased from Sigma Chemical Co. (Sigma-Aldrich Ltd., USA), while vemurafenib (Vem) was from Selleck Chemicals (TX, USA), 5-Chloro-methyl fluorescein diacetate (CMFDA) was from Invitrogen (CA, USA), 2′,7′-Dichlorofluorescein diacetate (DCFH-DA) and brusatol were from Beyotime Biotechnology (Shanghai, China) and Shanghai Yuanye Bio-Technology (Shanghai, China), respectively.



CCK-8 Assay

Cell viability was assessed via CCK-8 assay. Briefly, A375 cells were added to 96-well plates (7×103/well) and were treated with a range of DMF concentrations and/or with Vem (2 μM) or DMSO as a control for 48 h after an initial overnight culture period. Next, 10 µL of CCK-8 reagent (Dojindo, Japan) was added into each well, and plates were incubated for an additional 1 h prior to the measurement of optical density (OD) values of each well at 450 nm using a microplate reader (BioTEK, Saxony, USA). Relative cell proliferation rates were then calculated by dividing OD values from experimental cells by those from control cells.



Colony Formation Assay

A total of 500 A375 cells were added per well of a 6-well plate and were treated for 72 h with compounds of interest following an initial overnight incubation. The media in each well was then changed every other day for a two-week period, the cells then were fixed with 4% paraformaldehyde (PFA; Sangon Biotech, Shanghai, China) and stained with crystal violet (Beyotime) for photographing. Finally colonies were dissolved with 2% SDS, and the OD value for each sample at 570 nm was determined via microplate reader (BioTEK).



Flow Cytometry

To assess cell survival, A375 cells were added to 6-well plates (2×105/well) and incubated overnight, then were treated with 2 μM Vem and/or 50 μM DMF for 24 h. Cells were then collected, washed two times in PBS, stained for 30 min with FITC/APC-conjugated annexin V and propidium iodide (PI), and evaluated with a flow cytometer (BD FACS AriaIII, USA).

To analyze cell cycle distributions, A375 cells (2×105/well) were treated with 2 μM Vem and/or 50 μM DMF for 24 h, then were harvested, fixed in chilled 70% ethanol, incubated in 25 µg/mL RNase A at 37°C for 20 min. The cells were resuspended in 50 µg/mL propidium iodide for assessment by flow cytometry (BD FACS AriaIII), and the data were analyzed by FlowJo vX.0.7.

Cellular ROS levels were assessed with a Fluorometric Intracellular ROS Kit (Beyotime) based on provided directions. Briefly, cells were added to a 6-well plate (2×105/well) and incubated overnight, after which they were treated for 24 h with Rosup (as a positive control), 2 μM Vem, and/or 50 μM DMF. Cells were then stained for 30 min with 10 µM DCFH-DA in the serum-free media at 37°C, after which they were analyzed via flow cytometry (BD FACS AriaIII).



Immunofluorescent Staining

Cells were applied to slides and fixed with 4% paraformaldehyde for 15 min, after which they were rinsed in PBS, permeabilized with 0.2% Triton X-100 for 5 min, and blocked at room temperature in 2% BSA for 30 min. Slides were then incubated with anti-YAP (D8H1X, Cell Signaling Technology, MA, USA) or anti-NRF2 (ab62352, Abcam, Cambridge, UK) antibodies, rinsed with PBS, probed with appropriate Cy3-labelled secondary antibodies, and subjected to nuclear counterstaining using Hoechst 33258 (Sigma-Aldrich Ltd.). Fluorescence was then visualized with a Zeiss LSM710 confocal microscope (Zeiss, Oberkochen, Germany).



Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)

Trizol (Takara, Japan) was used to extract total RNA from prepared cells, and the PrimeScript® RT reagent Kit (Takara) was used to prepare cDNA. All qRT-PCR reactions were conducted with primers compiled in the Supplementary Table 1 and the SYBR® Premix Ex Taq™ kit (Takara) in a LightCycler® 480 instrument (Roche Applied Science, Germany). Relative gene expression was assessed via the 2-ΔΔCt method, with 18S as a normalization control. Experiments were performed in triplicate.



Western Blotting

The M-PER® Mammalian Protein Extraction Reagent (Thermo Fisher Scientific Inc., USA) supplemented with complete protease inhibitor (Roche Applied Science, Germany) and phosphatase inhibitor (Sigma-Aldrich Ltd., USA) cocktails were used to extract total protein from samples of interest, whereas a Nuclear and Cytoplasmic Protein Extraction Kit (KeyGEN, China) was used to collect proteins from these specific subcellular compartments. A BCA kit (Beyotime) was used to quantify the protein concentrations of these samples, then the proteins were separated via SDS-PAGE and transferred onto 0.22 μm polyvinylidene difluoride (PVDF) membranes (Millipore Ltd., USA). The membranes were blocked in 5% non-fat milk, and were then probed with appropriate primary and secondary antibodies (Supplementary Table 2). Finally the proteins were detected using an enhanced chemiluminescent detection kit (Thermo Fisher Scientific Inc., USA), with GAPDH or β-actin serving as loading controls.



Dual-Luciferase Reporter Assay

A375 cells were transfected with the pGL3-promoter plasmid carrying the antioxidant response element (ARE) to assess ARE-dependent firefly luciferase expression, together with the control pRL-TK plasmid encoding TK Renilla luciferase to evaluate transfection efficiency. After 36 h of transfection, cells were treated with appropriate compounds for 12 h, with Brusatol and t-BHP serving as negative and positive controls, respectively. Lysates were then collected from these cells, and the firefly and Renilla luciferase activity therein were determined with a Dual-Luciferase Reporter Assay System (Promega). Experiments were performed in triplicate, and Renilla luciferase activity was used for the normalization of firefly luciferase activity.



YAP Overexpression

YAP was overexpressed in A375 cells by transfecting them with the pcDNA3.1 (+)-YAP overexpression plasmid or the pcDNA3.1 (+) control vector (both from Genechem Company, Shanghai, China) using Lipofectamine 2000 (Invitrogen). At 48 h of post-transfection, cells were treated with 2 μM Vem and 50 μM DMF for 24 h, then cell death was assessed via Annxin V/PI staining and flow cytometry as above, while YAP protein levels were assessed via western blotting.



Transcriptomic Analysis

Total RNA was extracted from A375 cells treated with DMF and/or Vem for 24 h using the Trizol reagent (Invitrogen, CA, USA) and quality of RNA samples were controlled by RNA purity (1.8 < OD260/OD280 < 2.1), RNA integrity (RNA Integrity Number, RIN > 9.0) and RNA concentration. A total amount of 3 µg RNA per sample was used as input material for the RNA sample preparations. Sequencing libraries were generated using NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA) following the manufacturer’s recommendations and index codes were added to attribute sequences to each sample. Then the sequencing was performed on the Illumina NovaSeq 6000 instrument (Illumina, USA) and 150 bp paired-end reads were generated. Finally, Hisat2 was used for sequence alignment. Fragments per kilobase of transcript per million mapped reads of known genes were calculated using eXpress v1.5.1. The database construction and sequencing services were provided by Novogene (Beijing, China). Differentially expressed genes (DEGs) were identified by comparing sequencing results from different samples, and were visualized via a principal component analysis (PCA) approach. Genes with an adjusted P-value (padj) < 0.05 found by DESeq2 were assigned as differentially expressed. All multivariate statistical analyses and result visualizations were conducted using the OmicShare tools (www.omicshare.com/tools).



Animals

Female BALB/c nude mice (6 weeks old, ~20 g) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing, China), and were housed in a specific pathogen-free climate-controlled facility (n=5/cage) with free food and water access. All animal experiments were approved by the Ethics Committee of the Inner Mongolia University (reference no. IMU-MO-2020-011).



Xenograft Tumor Models

We firstly conducted a pilot study to calculate the standard deviation among animals in this study. Based on power analysis (36) at 80% power (β = 0.20), with 95% confidence (α = 0.05), we chose the sample size as 10 mice per group, then subcutaneously implanted A375 cells (2×106 in 100 µL PBS) on the right lateral flank of each mouse. When tumors grew to ~200 mm3 in size, those mice were randomly assigned into four subgroups and treated by intratumoral injection of different drugs respectively every other day (Figure 2A). The four subgroups included (1) DMF group (DMF only at 6 mg/kg body weight) (2);Vem group (Vem only at 25 mg/kg body weight) (3);DMF plus Vem group (DMF at 6 mg/kg and Vem at 25 mg//kg body weight), and (4) vehicle control group (10 µL of a mixture of DMSO-PEG400-PBS). Tumor volumes were measured with calipers, and the mice body weights were recorded every other day. Tumor volume (V) was determined as follows: (D×d2)/2, where D and d correspond to the long and short tumor diameters, respectively. The differences between the groups were analyzed with one-way analyses of variance (ANOVAs). On day 10 after the initiation of treatment, mice were euthanized. Part of tumor tissue from each mouse was fixed with 4% PFA and embedded in paraffin for histological analysis, while the remaining tumor tissue was snap-frozen in liquid nitrogen.



Immunohistochemistry Analysis

The tumor sections (4 μm) were deparaffinized in xylene and rehydrated in gradients of alcohol-H2O, antigen retrieval was then performed using a microwave. Subsequently, the endogenous peroxidase activities and the non-specific protein binding were blocked with 3% H2O2 for 25 min and normal goat serum (10%) for 30 min, respectively. The sections were then incubated with specific primary antibodies against pERK (1:200) and YAP (1:200) overnight at 4°C, followed by secondary antibody for 30 min. Then, the sections were stained and lightly counter-stained with diaminobenzidine (DAB) chromogen and hematoxylin, respectively. Immuno-histochemical positive stained cytoplasm showed brown and hematoxylin-stained nuclei showed purple. The integrated optical density (IOD) of the immunohistochemistry (IHC) section was calculated by Image Pro Plus 6.0 (37).



Statistical Analysis

GraphPad Prism v7.0 (CA, USA) was used for all statistical testing, data being compared between groups through two-tailed Student’s t-tests and one-way analyses of variance (ANOVAs) unless stated otherwise. Data were given as mean ± standard deviation (SD) unless stated otherwise. The results are presented as the average of at least 3 independent experiments, and P < 0.05 was the threshold of significance (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).




Results


Combination of DMF With Vem Enhances Anti-Melanoma Efficacy In Vitro

To examine the ability of DMF combined with Vem to inhibit melanoma cell proliferation, we first assessed the viability of A375 melanoma cells exposed to a range of DMF concentrations (0-150 μM) alone or together with 2 μM of Vem [with this dose having been selected based on preliminary experiments and prior study (38)] for 48 h in a CCK-8 assay. Treatments of various concentrations of DMF resulted in a dose-dependent inhibition of A375 cell viability from 100.00 ± 4.98% to 31.27 ± 2.46% relative to the control cells, and treatment with 2 μM of Vem decreased the viability of these cells to 65.03 ± 6.45%, while DMF/Vem treatment reduced the viability more significantly than either DMF or Vem did (Figure 1A). To assess this combinational antitumor activity, we carried out colony formation assay with A375 cells treated with 50 μM and 100 μM of DMF combined with 2 μM of Vem for two-weeks. When normalized to control values, the percentage OD570 values revealed that Vem decreased colony formation to 87.99 ± 10.01%, while 50 μM and 100 μM of DMF decreased this activity to 11.76 ± 0.62% and 3.77 ± 0.37%, respectively, whereas DMF/Vem treatment reduced this activity to 9.26 ± 1.80% and 2.34 ± 0.75% (P < 0.05), respectively, at these two doses (Figures 1B, C). Based on the results of CCK-8 assay and colony formation assay as well as the previous studies (28, 39), we chose 50 μM of DMF for further study.




Figure 1 | Effects of DMF/Vem on the proliferation and cell death of melanoma cells. (A) A375 cell viability was assessed via CCK-8 assay following DMF and/or Vem treatment for 48 h (n = 5), with data being shown as the percentage of absorbance at 450 nm relative to controls. (B) Representative images of A375 cell colonies stained with crystal violet following treatment with DMF with or without 2 μM Vem for 15 d. (C) Quantification of the data from (B). (D) Representative cell cycle distribution profiles for A375 cells treated with the indicated DMF and Vem doses for 24 h followed by PI staining and flow cytometry analysis. (E) Quantification of the data from (D). (F) Flow cytometry-based assessment of A375 cell death following treatment with 50 μM DMF and/or 2 μM Vem as measured by PI-Annexin V double staining. (G) Quantification of cell death data from (F). All numerical data were from at least three independent experiments and shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. DMF or Vem treatment, n.s., not significant.



To explore the impact of DMF/Vem treatment on cell cycle progression, we employed a flow cytometry approach to assess the cell cycle distribution in those cells treated with 50 μM of DMF and/or 2 μM of Vem. The results revealed that DMF treatment increased the frequency of cells at the G2/M phase (41.87 ± 0.87%) relative to control cells (14.14 ± 4.94%) (Figures 1D, E), consistent with DMF induced G2/M phase arrest. Vem treatment induced G0/G1 phase arrest as evidenced by an increase in the frequency of cells in the G0/G1 phase (74.95 ± 5.18%) relative to control (50.76 ± 4.67%) (Figures 1D, E). DMF/Vem treatment increased the frequency of dead cells in the SubG1 phase (43.13 ± 3.35%) relative to control (3.98 ± 1.25%) (Figures 1D, E), consistent with combination treatment induced more cell death. We then expanded on these results by conducting a flow cytometry-based analysis of A375 cell death with Annexin V and PI dual staining. The results revealed that dead cell frequencies of 12.93 ± 3.10%, 24.70 ± 3.92%, and 41.43 ± 4.58% in the Vem, DMF, and DMF/Vem groups, respectively (Figures 1F, G), consistent with the enhanced induction of cell death upon combination treatment.



Combination of DMF With Vem Improves Melanoma Therapeutic Outcomes In Vivo

To further expand upon these results and to better understand the antitumor efficacy of DMF/Vem treatment in vivo, we constructed xenograft mouse models with A375 cells and treated the mice with DMF and/or Vem by intratumoral injection through which we can precisely control the drugs dose, reduce systemic exposure of the drugs and thereby toxicity, and observe the direct effect of the drugs. We chose 6 mg/kg of DMF and 25 mg/kg of Vem (40) in our study, which correspond to the human dose given orally to psoriatic patients at 240 mg twice daily (28) and the human dose given orally to patients with BRAF-mutant melanoma at 960 mg twice daily (41) (as measured per kilogram body weight), respectively. The results showed that tumor grew slower in both single-drug treatment and combination treatment than that in control (Figure 2B). It was worth noting that, on day 10 of treatment, the mean tumor volume in the DMF/Vem treatment (794.00 ± 118.30 mm3) was smaller than that in the DMF (1432.50 ± 177.63 mm3) (P < 0.05) or Vem (1180.83 ± 604.75 mm3) treatment (Figure 2C). Treated mice did not exhibit any weight loss or other symptoms of treatment-related adverse effects during the study period (Supplementary Figure 1). Furthermore, the H&E staining of tumor tissue sections from these mice revealed that the tumor cells in the control group were morphologically normal with more mitotic phases, whereas cells in the Vem treatment group exhibited a reduced cytoplasmic volume and were largely mononuclear. In contrast, cells in the DMF treatment group were enlarged and some binuclear cells were evident. Notably, mitotic phases were reduced and tumor cell necrosis were increased up to 23.4 ± 4.12% (percent area) in the DMF/Vem treatment group compared with control group (Figure 2D). Ki-67 and terminal deoxyribonucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining of tumor tissue sections from these mice were additionally performed to explore the effects of DMF/Vem treatment on melanoma cell proliferation and death in vivo. The frequencies of Ki-67 positive tumor cells in the Vem, DMF, and DMF/Vem treatments were 55.2 ± 3.19%, 67.6 ± 3.85%, and 29.4 ± 3.91%, respectively (Figures 2E, F). TUNEL positive (apoptotic) cells per field of view in the Vem, DMF, and DMF/Vem treatments were 19.8 ± 3.70, 22.4 ± 4.98, and 39.8 ± 4.32, respectively (Figures 2G, H).




Figure 2 | Effects of DMF/Vem treatment on melanoma in vivo. (A) Treatment strategy. A375 xenograft mice were divided into four groups (n=10): DMF treatment group (intratumoral injection of 6 mg/kg every other day), Vem treatment group (intratumoral injection of 25 mg/kg every other days), DMF/Vem treatment group (intratumoral injection of 6 mg/kg DMF and 25 mg/kg Vem every other day), and control group (DMSO-PEG400-PBS vehicle). (B) Tumor volumes were measured at the indicated days and calculated with the formula V= (D×d2)/2, (D=length, d=width). Data were expressed as mean ± SE. (C) Tumor volumes were measured at day 10. *P < 0.05, **P < 0.01, n.s., not significant, using one-way ANOVA. (D) Representative images of H&E-stained tumor sections. All images were taken at 20× magnification. (E) Representative images of Ki-67 IF-stained tumor sections (scale bar=50 μm). (F) Quantification of the data from (E). ***P < 0.001 vs. Vem treatment, ****P < 0.0001 vs. DMF treatment, using one-way ANOVA. (G) Representative images of TUNEL-stained tumor sections (scale bar=50 μm). (H) Quantification of the data from (G). **P < 0.01 vs. Vem treatment, ***P < 0.001 vs. DMF treatment, using one-way ANOVA.





Combination of DMF With Vem Inhibits the NRF2 Antioxidant Pathway and Promotes More ROS Production

To understand the mechanisms whereby DMF/Vem treatment achieved better therapeutic outcomes, we first examined the effects of these drugs on the NRF2 antioxidant pathway because DMF had previously been reported to activate this pathway and thereby exert cytoprotective and antioxidant activities in various cell types (27). Following DMF and/or Vem treatments, we assessed nuclear and cytoplasmic NRF2 levels in A375 cells. The results of western blotting showed that the nuclear and cytoplasmic NRF2 levels were higher in DMF treatment, whereas lower in Vem treatment, than those in control. Interestingly, it was less in DMF/Vem treatment than that in DMF treatment (P < 0.0001), but nuclear NRF2 levels in DMF/Vem treatment were insignificantly different from that in Vem treatment (n.s.), while cytoplasmic NRF2 levels in DMF/Vem treatment were higher than those in Vem treatment (P < 0.0001) (Figures 3A, B). We further confirmed these results through immunofluorescent staining. The results revealed that the fluorescence signal of NRF2 mainly located in nuclear and was stronger in DMF treatment, but weaker in Vem treatment, than that in control (Figures 3C, D). To evaluate the transcriptional activity of NRF2, we detected the ARE-luciferase activity driven by NRF2 with the dual-luciferase reporter gene assay and expression levels of its two target genes, HMOX1 (heme oxygenase 1) and NQO1 (NAD(P)H dehydrogenase [quinone] 1) with western blotting assay. The results showed that ARE-luciferase activities were higher in DMF treatment, but lower in Vem treatment, than that in control, whereas, it was lower in DMF/Vem treatment than that in DMF treatment (P < 0.01), and insignificantly different from that in Vem treatment (n.s.) (Figure 3E). The protein level of HO-1(HMOX1) was lower in DMF/Vem treatment than that in either DMF (P < 0.0001) or Vem (P < 0.001) treatment, while the protein level of NQO1 was lower in DMF/Vem treatment than that in DMF treatment (P < 0.0001), but insignificantly different from that in Vem treatment (n.s.) (Figures 3F, G).




Figure 3 | Effects of DMF/Vem treatment on NRF2 antioxidant pathway and reactive oxygen species (ROS) production in melanoma cells. (A) Western blot analysis of the nuclear and cytoplasmic NRF2 protein, with Lamin B or β-actin as loading control. (B) Protein expression in western blot (A) was determined by densitometry (gray value) calculations with Image J software. Data were expressed as mean ± SD (n=3). (C) Representative IF-staining images of NRF2 in A375 cells. Scale bar=50 μm. (D) Fluorescence intensity of the immunofluorescent was measured by Image-Pro-Plus 6.0 (Media Cybemetics, USA). (E) Quantitative and statistical analysis of ARE-luciferase activity by dual-luciferase reporter assay, with 20 μM Brusatol and 25 μM t-BHQ (tert-butyl-hydroquinone) as negative and positive controls, respectively. (F) Western blot analysis of HO-1 (heme oxygenase 1) and NQO1 (NAD(P)H dehydrogenase [quinone] 1) protein. (G) Protein expression in western blot (F) was determined by densitometry (gray value) calculations with Image J software. Data were expressed as mean ± SD (n=3). (H) Representative flow cytometry profiles of A375 cells stained by DCFH-DA, with Rosup as the positive control. (I) Quantitative and statistical analysis of the data from (H). (J) Representative apoptosis profiles of A375 cells assessed via flow cytometry. For this assay, cells were first treated with 50 μM of DMF and 2 μM of Vem for 2 h and then exposed to 2.5 mM NAC for an additional 22 h. (K) Quantitative and statistical analysis of the data from (J). All numerical data were from three independent experiments and shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. DMF or Vem treatment, n.s., not significant, using one-way ANOVA.



To determine whether the effect of DMF/Vem treatment on A375 cell survival was ROS-dependent, we employed DCFH-DA fluorescence staining approach to assess ROS production in these A375 cells. Although either DMF or Vem treatment resulted in enhanced ROS levels compared to those observed in control cells, DMF/Vem treatment led to more ROS production comparing to the treatments with DMF (P < 0.05) or Vem (P < 0.001) (Figures 3H, I). When 2.5 mM of NAC (antioxidant N-acetyl-cysteine), a ROS inhibitor, was added into DMF/Vem treatment, cell death induced by DMF/Vem treatment was reduced (P < 0.001) (Figures 3J, K).

In addition, DMF had also been reported to decrease GSH levels and exacerbate intracellular ROS levels, ultimately inducing cell death (32). To test whether the cell death resulted from DMF treatment in our experiments was due to the GSH decrease, we measured intracellular GSH levels and cell death via flow cytometry after labeling cells with CMFDA and PI. The results revealed that DMF depleted intracellular GSH in a dose-dependent manner, but not all GSH-depleted cells were dead at the time of analysis (Supplementary Figures 2A, B).



The Hippo and AKT/mTOR/ERK Signaling Pathways Are Altered Following Combination Treatment of DMF With Vem

To fully explore the molecular mechanisms underlying the enhanced antitumor activity of DMF/Vem treatment, we conducted an RNA-seq analysis aiming at identifying the global transcriptomic changes in A375 cells following treatments with 50 μM of DMF and/or 2 μM of Vem for 24h, in case that intratumoral administration might lead to an uneven distribution of drug within tumor, which would affect the repeatability of samples and the accuracy of RNA-seq results. Principal component analysis (PCA) revealed that the alterations of gene expression levels were clustered in the same treatment group but obviously separated in different treatment groups (Figure 4A), indicating a reliable transcriptome data. Following normalization and gene filtering, 74, 3451, and 5699 up-regulated genes, while 113, 3632, and 6260 down-regulated genes were identified in DMF, Vem, and DMF/Vem treatments, respectively (Figure 4B). Among these differentially expressed genes (DEGs), the numbers of those in DMF/Vem treatment are much more than those in either DMF or Vem treatment.




Figure 4 | Transcriptomic analysis of A375 cells following DMF/Vem treatment. (A) PCA plots were used to represent A375 cell transcripts detected via RNA-seq following treatments with 50 μM of DMF and/or 2 μM of Vem for 24 h. (B) Volcano plots were used to analyze transcriptomic data, with the x-axis representing Log2FoldChange (sample/control) values and the y-axis representing the -Log10(padj). Green, red, and gray circles respectively represent genes that were downregulated, upregulated, and not differentially regulated. (C) Venn diagrams demonstrating the numbers of up- and down-regulated transcripts associated with each treatment. (D) KEGG pathway enrichment analysis of DEGs that were specifically downregulated in the context of DMF/Vem treatment. (E) The top 20 enriched KEGG signal transduction pathways, P < 0.05.



We then assessed and arranged the DEGs in these different groups using Venn diagrams. The results revealed that 23 upregulated and 69 downregulated genes were shared among the single-drug and double-drug treatments, whereas 4452 upregulated genes and 4561 downregulated genes were observed only in the double-drug treatment (Figure 4C). KEGG analysis showed that the 92 shared DEGs were primarily enriched in the cell cycle and apoptosis signaling pathways (Supplementary Figure 3A), the 4452 upregulated genes were primarily enriched in metabolic pathways (Supplementary Figure 3B), while the 4561 downregulated genes were enriched in various pathways, of which 413 in signal transduction pathways (Figure 4D). Among the top 20 pathways (P < 0.05) accommodating those downregulated genes, Hippo, mTOR, MAPK, and PI3K-AKT signaling pathways (Figure 4E) were noteworthy, because the Hippo signaling pathway, an important regulator of the pathophysiology of cancer, had the smallest P-value, and the MAPK, AKT/mTOR and PI3K-AKT signaling pathways were widely believed to be the important targets for melanoma therapy.



Combination of DMF With Vem Inhibits Hippo/YAP Pathway Activation Resulting in More Cell Death

To demonstrate the role of Hippo signaling pathway may play in the enhanced anti-melanoma effects of DMF/Vem treatment, we extracted 52 Hippo pathway related genes from those downregulated genes. The heat maps compiling of the 52 downregulated DEGs revealed that expressions of these genes were substantially inhibited in DMF/Vem treatment compared to those in DMF or Vem treatment (Figure 5A). Among the 52 DEGs, the expression of YAP and TEAD-1, two downstream Hippo effector genes, were further verified by qRT-PCR and western blotting. The significant decreases of YAP and TEAD-1 mRNA levels were confirmed in DMF/Vem treatment, whereas the significant increases were observed in either DMF or Vem treatments (Supplementary Figure 4). The nuclear protein levels of YAP were lower in DMF/Vem treatment than those in DMF (P < 0.0001) or Vem (P < 0.001) treatment, whereas the cytoplasmic levels were about the same among DMF/Vem treatment and single-drug treatments (n.s.) (Figure 5B). Immunofluorescent staining further confirmed that the YAP level in DMF/Vem treatment was lower than that in either DMF or Vem treatments (Figures 5C, D). The immunohistochemical staining results of YAP in tumor sections also showed that YAP expression in DMF/Vem treatment was lower than that in DMF (P < 0.0001) or Vem (P < 0.001) treatment (Supplementary Figure 5). The results of western blotting also showed that TEAD-1 protein levels were much lower in DMF/Vem treatment than those in either DMF (P < 0.01) or Vem (P < 0.01) treatment (Figure 5B).




Figure 5 | Effects of DMF/Vem treatment on Hippo pathway in melanoma cells. (A) The heat maps of Hippo pathway related genes downregulated upon DMF/Vem treatment. (B) Western blot analysis of nuclear and cytoplasmic YAP as well as TEAD-1 levels, with Lamin B or β-actin as loading control. Protein expression in western blot was determined by densitometry (gray value) calculations with Image J software. Data were expressed as mean ± SD (n=3), **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. DMF or Vem treatment, n.s., not significant, using one-way ANOVA. (C) Representative YAP IF-staining images of A375 cells, scale bar=50 μm. (D) The fluorescence intensity of (C) was measured by Image-Pro-Plus 6.0 (Media Cybemetics, USA). *P < 0.05, ***P < 0.001, n.s., not significant, using one-way ANOVA. (E) Western blot analysis of YAP levels. For this assay, A375 cells were treated with different doses of YAPi (verteporfin) for 24 h. (F) Western blot analysis of YAP overexpression levels. A375 cells were transfected with YAP overexpression vector for 72 h. (G) Representative flow cytometry profiles of A375 cells stained with Annexin V and PI. Top: Flow cytometry was used to assess cell death of A375 treated with DMF/Vem or 3 nM verteporfin plus DMF/Vem for 24 h. Bottom: A375 cells were transfected with YAP overexpression vector for 48 h, then flow cytometry was used to assess the cell death after treatment with 50 μM of DMF plus 2 μM of Vem for 24 h. (H) Quantitative and statistical analysis of the data from (F: Top). Data were shown as mean ± SD (n=3), ***P < 0.001, ****P < 0.0001, using two-way ANOVA to compare the differences between the groups. (I) Quantitative and statistical analysis of the data from (F: Bottom). Data were shown as mean ± SD (n=3), **P < 0.01, using two-way ANOVA to compare the differences between the groups.



Next, we inhibited YAP with verteporfin (a YAP inhibitor, YAPi) (Figure 5E) or overexpressed YAP (Figure 5F) by transfection of a YAP overexpression vector in A375 cells to assess the cell death following DMF/Vem treatment under the conditions of altered YAP expression or activity. The results showed that the frequency of total dead cells was higher in YAPi/DMF/Vem treatment than that in DMF/Vem treatment (P < 0.001) (Figures 5G, H), whereas it was lower in YAP-overexpressing A375 cells than that in the empty vector transfected A375 cells following DMF/Vem treatment (P < 0.01) (Figures 5G, I).



Combination of DMF With Vem Downregulates MAPK and AKT/mTOR Pathways Related Proteins Expression

The RNA-seq results mentioned above indicated a potential relationship between the enhanced antitumor activity of DMF/Vem treatment and the MAPK, PI3K-AKT and mTOR signaling pathways. To confirm this relationship, we first assessed phosphorylated and total ERK1/2 levels via western blotting. The results showed p-ERK1 level in DMF/Vem treatment was lower than that in DMF (P < 0.0001) or Vem (P < 0.001) treatment, whereas p-ERK2 level was much lower in DMF/Vem treatment than that in DMF treatment (P < 0.0001), but was about the same as that in Vem treatment (n.s.) (Figure 6A). The immunohistochemical staining results for p-ERK in tumor sections also showed that p-ERK expression in DMF/Vem treatment was lower than that in DMF (P < 0.0001) or Vem (P < 0.0001) treatment (Figures 6B, C). We then evaluated mRNA and protein levels of AKT by qRT-PCR and western blotting, respectively. The results showed that both mRNA and phosphorylated levels of AKT in DMF/Vem treatment were much lower than those in DMF (mRNA: P < 0.01, phosphorylated levels: P < 0.001) or Vem (mRNA: P < 0.01, phosphorylated levels: P < 0.001) treatment (Figures 6D, E). Finally, we detected the mRNA level of mTOR and protein levels of 4EBP1 and P70S6K, which are two downstream mTOR signaling cascade effectors. The results revealed that mRNA level of mTOR and protein level of p-4EBP1 were lower in DMF/Vem treatment than those in single-agent treatments (mTOR: P < 0.001, p-4EBP1: P < 0.0001) (Figures 6F, G), whereas the protein level of p-P70S6K was lower in DMF/Vem treatment than that in DMF treatment (P < 0.05), but was about the same as that in Vem treatment (n.s.) (Figure 6H).




Figure 6 | Effects of DMF/Vem treatment on MAPK and AKT/mTOR pathways related proteins in melanoma cells. (A) Western blot analysis of total and phosphorylated ERK1/2 in A375 cells treated with 50 μM of DMF and/or 2 μM of Vem for 48 h, with GAPDH as loading control. (B) Representative images of p-ERK immunohistochemical staining in tumor tissue. All images were taken at 10× magnification. (C) The integrated optical density (IOD) of immunohistochemical results of p-ERK was calculated by Image Pro Plus 6.0. ****P < 0.0001, using one-way ANOVA to compare the differences between the groups. (D) Western blot analysis of total and phosphorylated AKT in A375 cells treated with 50 μM of DMF and/or 2 μM of Vem for 48 h. (E) qPCR analysis of AKT1 mRNA levels in A375 cells following treatments with 50 μM of DMF and/or 2 μM of Vem for 24 h, with 18S as reference control. (F) Western blot analysis of total and phosphorylated 4EBP1 in A375 cells treated with 50 μM of DMF and/or 2 μM of Vem for 48 h, with GAPDH as loading control. (G) qPCR analysis of mTOR mRNA levels in A375 cells treated with 50 μM of DMF and/or 2 μM of Vem for 24 h, with 18S as reference control. (H) Western blot analysis of total and phosphorylated P70S6K in A375 cells treated with 50 μM of DMF and/or 2 μM of Vem for 48 h, with GAPDH as loading control. Protein expression in western blot was determined by densitometry (gray value) calculations with Image J software. All numerical data were shown as mean ± SD (n=3), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. DMF or Vem treatment, n.s., not significant, using one-way ANOVA to compare the differences between the groups.






Discussion

DMF had been reported to inhibit A375 cell proliferation in a dose-dependent manner and induce G2/M phase arrest as well as apoptosis, while Vem induced G0/G1 phase arrest and less pronounced apoptotic cell death (28, 42). Our results (Figures 1A, D–G) confirmed those previous achievements. DMF was used in combination with DTIC as a new therapeutic option for treatment of the metastatic melanoma. DTIC/DMF treatment impaired melanoma cell migration in vitro and slightly reduced melanoma volumes in mouse model. But the additive effects of DTIC and DMF on cell proliferation or apoptosis were not identified (35). Here, we found DMF/Vem treatment impaired melanoma cell proliferation (Figure 1A and Figures 2E, F) and colony formation (Figures 1B, C) much more sufficiently, and induced more tumor cell death (Figures 1F, G and Figures 2G, H) than the treatments with either DMF or Vem alone in vitro and in vivo. We postulated that the apoptosis-inducing abilities of DMF and Vem via cell cycle arrest at different cell phases could overlap to lead to an overwhelmingly tumor-killing effect, highlighting a promising benefit of the DMF/Vem-based treatment for melanoma.

A growing body of research evidences indicated that DMF could exert cytoprotective and antioxidant effects in several noncancer cell models (27) and ovarian cancer cells (32), primarily through the activation of the NRF2 antioxidant pathway (43). NRF2 functions as a leucine zipper transcription factor responsible for protecting cells against oxidative stress and associated ROS-related damage. Under homeostatic conditions, NRF2 is sequestered in the cytoplasm by Kelch-like ECH-associated protein 1 (Keap1), which promotes its degradation (44). DMF can promote the succination of two key cysteine residues in Keap1, thereby disrupting the interactions between Keap1 and NRF2, release NRF2 to undergo nuclear translocation (45). In the nucleus, NRF2 can subsequently bind to the antioxidant response elements (AREs) and promote expression of target genes including HMOX1 and NQO1, which generate the major cellular antioxidant GSH (46, 47). It was reported that high-dose DMF (100 μM) did not alter NRF2 and HO-1(HMOX1) levels in ovarian carcinoma cells OVCAR3, but induced parallel increase of oxidative stress and GSH depletion, thus displayed cytotoxicity, whereas, lower dose DMF (0.25-5 μM) induced NRF2 activation and were cytoprotective (32). Here our results that 50 μM of DMF induced GSH depletion (Supplementary Figure 2) and increased expression and nuclear translocation of NRF2 as well as the protein levels of HO-1 and NQO1 in melanoma cells (Figures 3A–G) were consistent with the previous observations (32), suggesting DMF have similar functions in melanoma as in other cancer lines.

It sounds contradictory that DMF treatment could induce both GSH depletion which has cytotoxicity and NRF2 activation which should display a cytoprotective effect. However, DMF had also been reported to suppress the activity of γ‐GCS, which is the first enzyme in the GSH biosynthesis pathway (32), thereby impairing GSH production and exacerbating ROS-induced cellular damage, culminating in cellular death in several cancer cell lines. Our results confirmed that DMF treatment enhanced ROS generation (Figures 3H, I). Therefore, DMF seemed to have a dualistic effect on cell survival through activating NRF2 and promoting ROS. But, when combined with Vem, DMF/Vem treatment only exhibited an enhanced tumor-killing effect in our experiments (Figures 1F, G, Figures 2G, H, Figures 3A–I). Thus, Vem should have interrupted the cytoprotective function of DMF and/or simultaneously reinforced its cell-killing function.

Vem was reported to inhibit NRF2 activation while enhance mitochondrial respiration and ROS production in melanoma cells (48, 49). Our data also confirmed that Vem significantly reduced the expression and transcriptional activity of NRF2 and enhanced ROS production in melanoma cells (Figures 3A–I). Moreover, DMF/Vem treatment induced more robust ROS production (Figures 3H, I) and more pronounced cell death (Figures 1F, G and Figures 2G, H) than either Vem or DMF treatment did. This meant that Vem impaired the ability of DMF to activate NRF2, thereby reduced GSH production, while bolstered up ROS generation, resulting in a boost of overall ROS and more cell death. To verify this speculation, we added NAC, an antioxidant which had been reported to both suppress the generation and damage the activity of ROS within various cells (50), into the DMF/Vem treatment to evaluate the alteration of cell death. Our results that NAC treatment sufficiently prevented melanoma cell from death induced by DMF/Vem treatment (Figures 3J, K) confirmed that the cell death induced by DMF/Vem at least in part through the induction of a more robust burst of ROS production. The oxidative stress was widely believed to disrupt the mitochondrial functionality and thereby engage in apoptotic signaling cascades. Augmenting ROS levels within tumor cells may represent an effective anticancer treatment strategy (51). The observation of enhancement of ROS production in melanoma cells following DMF/Vem treatment (Figures 3H, I), suggested that this combination treatment may become a promising therapeutic regimen for melanoma.

ROS level is balanced by that of GSH which is largely determined by NRF2-ARE pathway. DMF/Vem treatment inhibited nuclear NRF2 expression and its transcriptional activity less significantly than Vem treatment did in our experiments (Figures 3A–G) but induced more melanoma cell death than Vem treatment did in vitro (Figures 1F, G) and in vivo (Figures 2G, H). This implied the extra cell death induced by DMF/Vem treatment might result from the mechanisms other than the inhibition of NRF2-ARE pathway. To globally explore the unknown mechanisms underlying the extra cell death induced by DMF/Vem treatment, we conducted an RNA-seq analysis to distinguish the DEGs specifically regulated by DMF/Vem treatment using A375 cells in case of the cell heterogeneity in tumor tissue. The results showed the number of DEGs affected by DMF/Vem treatment was far more than that induced by either DMF or Vem treatment (Figure 4B), and the number of DEGs specifically affected by DMF/Vem treatment was also much more than that of the common DEGs in DMF and/or Vem treatments (Figure 4C). This suggested DMF and Vem could collaborate to interrupt much more gene expressions other than single-drug treatments did. Moreover, those DMF/Vem-specific DEGs were mainly enriched in signal transduction pathways, especially in the Hippo signaling pathway.

Hippo signaling pathway is an important regulator of the pathophysiology of cancer, regulating important malignant cellular processes including survival, proliferation, metastasis, and cell fate determination (52). YAP functions as a downstream effector protein in the Hippo signaling pathway (52). Its activity is regulated by its rate of transit between the nuclear and cytoplasmic compartments (53, 54). Nuclear localization of YAP is believed to be a poor prognosis in patients with cancer (55). Inhibiting the expression of YAP was reported to suppress cellular proliferation and induce pronounced cell death by modulating the transcription of downstream target genes including the transcription factors TEAD1-TEAD4 (55, 56). Our data revealed that both expression and nuclear translocation of YAP and its target gene TEAD-1 were suppressed in DMF/Vem treatment, but not in either DMF or Vem treatment (Figures 5A–D), suggesting the extra cell death in DMF/Vem treatment may be a result of Hippo signaling pathway interruption. This suggestion was further supported by the evidence that the frequency of dead cell in DMF/Vem treatment was increased by YAPi treatment (Figures 5E, G, H) while decreased by the overexpression of YAP (Figures 5F, G, I), confirming YAP inhibition was one of the mechanisms underlying the extra cell death induced by DMF/Vem treatment. In addition, YAP was also observed to play an important role in regulating the sensitivity of BRAF and KRAS mutant cancer cells to specific drugs (57–59), and the invasive activity of melanoma in vitro and in vivo (60). Thus YAP may be a promising target for melanoma treatment.

Moreover, it is well known that MAPK and AKT/mTOR pathways play well-documented roles in modulating cell growth, proliferation and survival, and form a series of regulatory feedback loops. Excess AKT/mTOR pathway activation had been identified as a facilitator of melanoma cell survival in the context of BRAFV600E inhibition (61–63). To overcome the drug acquired resistance of melanoma, combination treatments of BRAFi with MEKi had become the default therapies for patients with advanced BRAFV600-mutated melanoma. Vem/cobimetinib treatment was reported to inhibit cell proliferation in melanoma cells (64, 65), and abrogate the paradoxical activation of the MAPK pathway and inhibit glucose metabolism pathway (66), but no inhibition of other pathways was reported. In this study, DMF/Vem treatment suppressed the phosphorylation of ERK1, AKT and 4EBP1 more effectively than either DMF or Vem treatment did (Figures 6A–F), indicating DMF/Vem treatment simultaneously inhibited the activation of MAPK and AKT/mTOR signaling pathways. Apart from the Hippo, MAPK and AKT/mTOR pathways, our transcriptome analysis also showed that dozens of other signaling pathways (Figure 4E) and metabolism pathways (Figure 4D) were suppressed by DMF/Vem treatment. This suggested that simultaneous inhibition of multiple signaling pathways should also be a mechanism underlying the extra cell death induced by DMF/Vem treatment.

It is worth to note that there is nonetheless a clear need for future in-depth analyses of the pharmacokinetic properties and safety profiles associated with systemic DMF/Vem treatment in order to fully understand the benefits and potential risks associated with such a therapeutic approach, as DMF and Vem are both clinically oral drugs in patients. We plan to conduct patient-derived xenograft (PDX) models to further evaluate the therapeutic efficacy and toxicity of this combination treatment regimen in the near future.

In conclusion, our results for the first time demonstrated that DMF/Vem treatment significantly enhanced suppression of melanoma cell proliferation and increased tumor cell death in vitro and in vivo. These anticancer activities were at least partially attributable to the induction of a burst of reactive oxygen species (ROS) production and concomitant inhibition of the Hippo/YAP, NRF2-ARE, and AKT/mTOR/ERK signaling pathways. The combination approach of DMF with Vem proposed here would be a novel promising therapeutic strategy for melanoma.
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