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            Abstract
Metastasis requires cancer cells to undergo metabolic changes that are poorly understood1,2,3. Here we show that metabolic differences among melanoma cells confer differences in metastatic potential as a result of differences in the function of the MCT1 transporter. In vivo isotope tracing analysis in patient-derived xenografts revealed differences in nutrient handling between efficiently and inefficiently metastasizing melanomas, with circulating lactate being a more prominent source of tumour lactate in efficient metastasizers. Efficient metastasizers had higher levels of MCT1, and inhibition of MCT1 reduced lactate uptake. MCT1 inhibition had little effect on the growth of primary subcutaneous tumours, but resulted in depletion of circulating melanoma cells and reduced the metastatic disease burden in patient-derived xenografts and in mouse melanomas. In addition, inhibition of MCT1 suppressed the oxidative pentose phosphate pathway and increased levels of reactive oxygen species. Antioxidants blocked the effects of MCT1 inhibition on metastasis. MCT1high and MCT1âˆ’/low cells from the same melanomas had similar capacities to form subcutaneous tumours, but MCT1high cells formed more metastases after intravenous injection. Metabolic differences among cancer cells thus confer differences in metastatic potential as metastasizing cells depend on MCT1 to manage oxidative stress.
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                    Fig. 1: Efficiently metastasizing melanomas exhibit enhanced lactate uptake in vivo.[image: ]


Fig. 2: MCT1 inhibition selectively impairs metastasis in human and mouse melanomas.[image: ]


Fig. 3: MCT1 inhibition causes oxidative stress in melanoma cells.[image: ]


Fig. 4: MCT1 inhibition reduces flux through the oxidative branch of the PPP relative to glycolysis.[image: ]


Fig. 5: Heterogeneous MCT1 expression among melanoma cells from the same tumour.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Plasma enrichment of isotopicallyÂ labelled metabolites after infusion into xenografted mice.
Related to Fig. 1. a, Summary of the melanomas used in this study and their spontaneous metastatic behaviour after subcutaneous transplantation into NSG mice. Melanomas were characterized as inefficient or efficient metastasizers. Before subcutaneous tumours grew to 2.5Â cm in diameter (when the mice were killed per approved protocol), inefficient metastasizers rarely formed macrometastases or micrometastases beyond the lung, whereas efficient metastasizers commonly formed macrometastases as well as micrometastases in several organs (data reflect results from one to five independent experiments per melanoma). Some of these data have been published previously24. bâ€“g, Isotope tracing was performed in NSG mice subcutaneously xenografted with efficiently metastasizing melanomas from four patients (M405, M481, M487 and UT10) and inefficiently metastasizing melanomas from nine patients (M715, UM17, UM22, UM43, UM47, M498, M528, M597 and M610). The number of tumours or mice analysed per treatment is indicated. b, Glutamine mÂ +Â 5 as a fraction of total plasma glutamine in mice infused with [U-13C]glutamine (14 independent experiments). c, Isotope enrichment in subcutaneous tumours after [U-13C]glutamine infusion (14 independent experiments). d, Glucose mÂ +Â 6 as a fraction of total plasma glucose in mice infused with [U-13C]glucose (20 independent experiments). e, Plasma glucose and lactate concentrations before and after infusion. f, Lactate mÂ +Â 3 as a fraction of total plasma lactate in mice infused with [U-13C]lactate (23 independent experiments). g, Lactate mÂ +Â 1 as a fraction of total plasma lactate in mice infused with [2-2H]lactate (three independent experiments). h, Expected isotope labelling after [2-2H]lactate infusion. i, Western blot analysis of LDHA and LDHB in subcutaneous tumours from NSG mice xenografted with efficiently (M405, M481 and UT10) or inefficiently (UM17, UM43 and UM47) metastasizing melanomas (representative of four independent experiments). Data are meanÂ Â±Â s.d. Statistical significance was assessed using Mannâ€“Whitney tests (c) and t-tests at 180 or 300Â min when tumours were obtained for analysis (b, d, f, g) or paired t-tests (e).
Source Data


Extended Data Fig. 2 Efficient metastasizers express higher levels of MCT1 than inefficient metastasizers.
Related to Fig. 2. a, Quantification of MCT1 relative to actin bands from the western blot in Fig. 2a comparing efficient and inefficient metastasizers. b, Quantification of MCT4 relative to actin bands from the western blot in Fig. 2c comparing efficient and inefficient metastasizers. c, d, Quantification of mean fluorescence intensities for MCT1 staining in the flow cytometry plots comparing efficient (Fig. 2e) and inefficient (Fig. 2d) metastasizers. HCC15 cells and MCT1-deficient HCC15 cells were positive and negative controls (c). e, f, Immunofluorescence staining for MCT1 (green) in sections from subcutaneous tumours from inefficiently (e, UM47) or efficiently (f, M405) metastasizing melanomas. An adjacent section was stained with an antibody against the melanoma marker S100b (green). Images are representative of three independent experiments per melanoma. g, h, Immunofluorescence staining for MCT1 (green) in sections from subcutaneous tumours from inefficient (g; M498, M610 and M597) and efficient (h; M481, UT10 and M405) metastasizers. In each case, an adjacent section was stained with an antibody against S100b (green). Images are representative of results from two independent experiments per melanoma. i, j, Although efficient metastasizers often exhibited cell-surface staining (j), inefficient metastasizers typically exhibited diffuse cytoplasmic staining (i). Images are representative of results from two independent experiments per melanoma. Data are meanÂ Â±Â s.d. Statistical significance was assessed using Studentâ€™s t-tests (a, b, d).
Source Data


Extended Data Fig. 3 MCT1 inhibition impairs metastasis without altering MCT1, CD147, CD98 or Î²1-integrin expression levels.
Related to Fig. 2. aâ€“c, Western blot analysis of MCT1 (a), MCT4 (b) and CD147 (c) in subcutaneous tumours versus metastatic liver, kidney and pancreas nodules from NSG mice transplanted with three melanomas. dâ€“g, Flow cytometry histograms of anti-MCT1 (d, e) or anti-CD147 (f, g) staining in melanoma cells from subcutaneous tumours or metastatic nodules from mice transplanted with M405 (d, f) or M481 (e, g) melanomas. hâ€“o, Flow cytometry histograms and mean fluorescence intensities of anti-MCT1 (h, i), anti-CD147 (j, k), anti-CD98 (l, m) or anti-Î²1-integrin (n, o) staining in melanoma cells from subcutaneous tumours treated with DMSO (control; black) or AZD3965 (MCT1 inhibitor; blue). The number of tumours or mice analysed in each treatment is indicated (two to three experiments). In all flow cytometric analyses, human melanoma cells were distinguished from mouse cells based on positivity for HLA-ABC and DsRed and negativity for mouse CD31, CD45 and Ter119 staining (see Extended Data Fig. 9e, f for gating strategy). pâ€“u, Western blot analysis of IKKÎ± (pâ€“r) and IKKÎ² (sâ€“u) in subcutaneous tumours from NSG mice treated with DMSO or AZD3965. Data are meanÂ Â±Â s.d. Statistical significance was assessed with two-way ANOVAÂ (i, k, m, o).
Source Data


Extended Data Fig. 4 MCT1 inhibition with AZD3965 impairs metastasis without altering markers of epithelial-to-mesenchymal transition.
Related to Fig. 2. a, b, Flow cytometry histograms of anti-E-cadherin (a) and anti-N-cadherin (b) staining in melanoma cells from subcutaneous tumours of mice treated with DMSO (control) or AZD3965. Human keratinocytes were included as a control in each case as they are known to include subpopulations of E-cadherin- and N-cadherin-positive cells. In xenografts, human melanoma cells were distinguished from mouse cells based on positivity for HLA-ABC and DsRed and negativity for mouse CD31, CD45 and Ter119 staining (see Extended Data Fig. 9e, f for gating strategy). Data are representative of two to three mice analysed in two independent experiments. c, Western blot analysis of vimentin in subcutaneous tumours from NSG mice treated with DMSO or AZD3965.
Source Data


Extended Data Fig. 5 Representative images of the bioluminescence analysis of visceral organs to determine metastatic disease burden at end point.
Related to Figs. 2, 3 and 5. aâ€“e, Visceral organs were surgically removed from each mouse at end point and imaged to identify macrometastases and micrometastases and to determine bioluminescence signal intensity. Each melanoma was tagged with constitutive luciferase expression.
Source Data


Extended Data Fig. 6 shRNA-mediated knockdown of MCT1 inhibits melanoma metastasis in vivo.
Related to Fig. 2. a, b, Western blot analysis of MCT1 (a) or MCT4 (b) in subcutaneous tumours from mice xenografted with efficiently metastasizing melanomas transfected with scrambled control shRNA or with two different shRNAs (1 and 2) against MCT1 (a) or MCT4 (b). Wild-type HCC15 cells were used as a positive control for MCT1 (WT, a) and MCT4 (WT, b) and MCT1-deficient (KO, a) or MCT4-deficient (KO, b) HCC15 cells were used as a negative control (representative of two independent experiments). câ€“e, Growth of subcutaneous tumours (c) in mice transplanted with melanomas transfected with scrambled control shRNA or shRNAs (sh1 and sh2) against MCT1. The number of mice analysed in each treatment is indicated in (one experiment per melanoma). The frequency of circulating melanoma cells in the blood (d) and metastatic disease burden based on bioluminescence imaging (e) in the same mice were determined. f, Western blot analysis of MCT1 in subcutaneous tumours transfected with scrambled control shRNA or shRNAs against MCT1, with (MCT1-OE) or without an shRNA-insensitive MCT1 cDNA. g, h, Growth of subcutaneous tumours (g) and metastatic disease burden at end point (h) in mice transplanted with melanomas transfected with scrambled control shRNA or shRNAs against MCT1 and an shRNA-insensitive MCT1 cDNA. i, Fold change in mean fluorescence intensity for CellRox DeepRed staining (ROS) in xenografted melanoma cells with scrambled control shRNA or shRNAs against MCT1 treated with AZD3965 or DMSO. Data are meanÂ Â±Â s.d.. Statistical significance was assessed using nparLD followed by Benjaminiâ€“Hochbergâ€™s multiple comparisons adjustment (c), log2-transformed one-way ANOVAs with Holmâ€“Sidakâ€™s multiple comparisons adjustment (d, e, h), mixed-effects analysis followed by Dunnettâ€™s multiple comparisons adjustment (g) or log2-transformed two-way ANOVA with Sidakâ€™s multiple comparisons adjustment (i).
Source Data


Extended Data Fig. 7 CRISPR deletion of MCT1 from mouse melanoma cells impairs metastasis, whereas MCT1 overexpression in patient-derived xenografts increases metastasis.
Related to Fig. 2. a, Western blot analysis of MCT1 in wild-type parental YUMM1.7 melanoma cells as well as two lines from which MCT1 had been deleted using CRISPR (KO #1 and #2). bâ€“d, Growth of subcutaneous tumours (b), total metastatic disease burden at end point by bioluminescence imaging of visceral organs (c) and CellRox DeepRed staining of subcutaneous tumour cells (d). The number of mice analysed in each treatment is indicated (one experiment; note that one mouse died in the KO #2 treatment before end-point analysis). e, Western blot analysis of MCT1 in an inefficiently metastasizing melanoma (UM47) expressing MCT1 cDNA. f, g, Growth of subcutaneous tumours (f) and total metastatic disease burden at end point by bioluminescence imaging of visceral organs (g) from mice transplanted with these melanomas (one experiment; note that two mice died in the control treatment before end-point analysis). Data are meanÂ Â±Â s.d. Statistical significance was assessed using one-way ANOVA followed by Dunnettâ€™s multiple comparison adjustment (b, day 25) or log2-transformed one-way ANOVAs followed by Dunnettâ€™s multiple comparisons adjustment (c, d), t-test (f, day 90) or log2-transformed t-test (g).
Source Data


Extended Data Fig. 8 MCT1 inhibition does not impair the migration of melanoma cells in culture but appears to reduce metastatic disease burden by killing metastasizing melanoma cells in vivo.
Related to Fig. 2. a, Migration in transwell invasion assays of three melanomas treated with DMSO (control) or AZD3965 (MCT1 inhibitor), including representative images (left) and counts (right) of the cells that migrated across the insert after 24Â h (one experiment with two to three replicate cultures per melanoma). b, c, Effect of acute treatment with AZD3965 (7Â days) on the diameter of subcutaneous tumours, the frequency of circulating melanoma cells in the blood and metastatic disease burden in mice with established M481 (b) or M405 (c) melanomas. Treatment was initiated when the subcutaneous tumours reached 2Â cm in diameter (one experiment per melanoma with three mice per treatment). d, Efficiently metastasizing melanoma cells (M405) were subcutaneously transplanted into miceÂ and allowed to spontaneously metastasize; then the primary tumours were resected to prolong survival and to allow the metastatic tumours that had formed before primary tumour resection to grow larger. Mice were treated with AZD3965 for the duration of the experiment, only before primary tumour resection, or only after primary tumour resection. e, Analysis of total metastatic disease burden at end point showing that metastatic disease burden was reduced when AZD3965 treatment was performed before primary tumour resection, during the time when melanoma cells were spontaneously metastasizing, but before metastatic tumours were established. The number of mice per treatment is shown (two independent experiments). Data are meanÂ Â±Â s.d. Statistical significance was assessed using two-way ANOVA followed by Dunnettâ€™s multiple comparisonâ€™s adjustment (a), t-tests (b, c) or Kruskalâ€“Wallis test followed by Dunnâ€™s multiple comparisonâ€™s adjustment (e).
Source Data


Extended Data Fig. 9 Increased MCT1 expression in melanomas is associated with significantly worse patient survival.
Related to Fig. 2. aâ€“d, Kaplanâ€“Meier overall survival curves of patients with melanoma stratified based on expression levels of MCT1 (a), MCT2 (b), MCT4 (c) and CD147 (d) within tumour specimens. Data are from the SKCM cohort in TCGA (https://portal.gdc.cancer.gov/projects/TCGA-SKCM). Each panel compares the top third of patients with the highest expression levels versus the bottom third of patients with the lowest expression levels. Ticks represent censored values. e, f, Flow cytometry plots showing the gating strategies used to identify human melanoma cells in subcutaneous tumours (e) or the blood (f) of xenografted mice. Cells were gated on forward versus side scatter (FSC-A versus SSC-A) to exclude red blood cells and clumps of cells. Human melanoma cells were selected by including cells that stained positively for DsRed (stably expressed in all melanoma lines) and HLA and excluding cells that stained positively for the mouse haematopoietic and endothelial markers CD45, CD31 or Ter119. Statistical significance of the differences in overall survival (aâ€“d) was assessed using the Mantelâ€“Cox log-rank test.
Source Data


Extended Data Fig. 10 MCT1 inhibition reduces the levels of PPP, but not glycolytic, metabolites.
Related to Figs. 3â€“5. a, The GSH to GSSG ratios in melanoma cells from mice treated with AZD3965 or DMSO (two independent experiments per melanoma). b, Quantitative analysis of NADPH and NADP+ in melanoma cells from mice treated with AZD3965 or DMSO (one or two experiments per melanoma). Liver cells were included as a control, with a high NADPH/NADP+ ratio. c, Expected isotope-labelled species after infusion of [1,2-13C]glucose. d, Glucose mÂ +Â 2 as a fraction of total plasma glucose in mice xenografted with efficiently metastasizing melanomas (M405, M481 and UT10), treated with DMSO or AZD3965 and infused with [1,2-13C]glucose. e, Glucose mÂ +Â 6 as a fraction of total plasma glucose in mice infused with [U-13C]glucose. The number of mice per treatment is indicated (two independent experiments). fâ€“i, LCâ€“MS measurement of the levels of glycolytic (f, h) and oxidative PPP (g, i) metabolites in subcutaneous tumour cells from mice xenografted with melanomas treated with DMSO (control) or AZD3965 (MCT1 inhibitor) for 7Â days. j, Flow cytometrically isolated MCT1high or MCT1âˆ’/low melanoma cells were subcutaneously transplanted into NSG mice, using 10 or 100 cells per injection. All injections formed tumours. Rate of growth of the tumours initiated with 10-cell injections. Data are meanÂ Â±Â s.d. Statistical significance was assessed using t-tests (a), repeated-measures two-way ANOVAs (b), t-test (e, 180Â min), log2-transformed two-way ANOVAs (f, h), log2-transformed t-tests (g, M405 and UT10), Mannâ€“Whitney test (g, M481 and i, M481), Welchâ€™s t-tests (i, M405 and UT10) or using nparLD test (d, j).
Source Data





Supplementary information
Supplementary Figure
Supplementary Figure 1: uncropped scans with size marker indications.


Reporting Summary




Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Fig. 5

Source Data Extended Data Figs. 1â€“10




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Tasdogan, A., Faubert, B., Ramesh, V. et al. Metabolic heterogeneity confers differences in melanoma metastatic potential.
                    Nature 577, 115â€“120 (2020). https://doi.org/10.1038/s41586-019-1847-2
Download citation
	Received: 03 December 2018

	Accepted: 31 October 2019

	Published: 18 December 2019

	Issue Date: 02 January 2020

	DOI: https://doi.org/10.1038/s41586-019-1847-2


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Multi-omics analysis reveals NNMT as a master metabolic regulator of metastasis in esophageal squamous cell carcinoma
                                    
                                

                            
                                
                                    	Qi Huang
	Haiming Chen
	Xiangnan Li


                                
                                npj Precision Oncology (2024)

                            
	
                            
                                
                                    
                                        The pleiotropic functions of reactive oxygen species in cancer
                                    
                                

                            
                                
                                    	Katherine Wu
	Ahmed Ezat El Zowalaty
	Thales Papagiannakopoulos


                                
                                Nature Cancer (2024)

                            
	
                            
                                
                                    
                                        Immunosurveillance encounters cancer metabolism
                                    
                                

                            
                                
                                    	Yu-Ming Chuang
	Sheue-Fen Tzeng
	Chin-Hsien Tsai


                                
                                EMBO Reports (2024)

                            
	
                            
                                
                                    
                                        The role of mitochondria in the resistance of melanoma to PD-1 inhibitors
                                    
                                

                            
                                
                                    	Fei Du
	Lu-han Yang
	Fang Wang


                                
                                Journal of Translational Medicine (2023)

                            
	
                            
                                
                                    
                                        Functional heterogeneity of MCT1 and MCT4 in metabolic reprogramming affects osteosarcoma growth and metastasis
                                    
                                

                            
                                
                                    	Gaohong Sheng
	Yuan Gao
	Yong Yang


                                
                                Journal of Orthopaedic Surgery and Research (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Stable isotope tracing to assess tumor metabolism in vivo
                

                
	Brandon Faubert
	Alpaslan Tasdogan
	Ralph J. DeBerardinis



                
    
        
            Nature Protocols
        
        Protocol
        
        
            17 Sept 2021
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter â€” what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
