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            Abstract
As the concentrations of highly consumed nutrients, particularly glucose, are generally lower in tumours than in normal tissues1,2, cancer cells must adapt their metabolism to the tumour microenvironment. A better understanding of these adaptations might reveal cancer cell liabilities that can be exploited for therapeutic benefit. Here we developed a continuous-flow culture apparatus (Nutrostat) for maintaining proliferating cells in low-nutrient media for long periods of time, and used it to undertake competitive proliferation assays on a pooled collection of barcoded cancer cell lines cultured in low-glucose conditions. Sensitivity to low glucose varies amongst cell lines, and an RNA interference (RNAi) screen pinpointed mitochondrial oxidative phosphorylation (OXPHOS) as the major pathway required for optimal proliferation in low glucose. We found that cell lines most sensitive to low glucose are defective in the OXPHOS upregulation that is normally caused by glucose limitation as a result of either mitochondrial DNA (mtDNA) mutations in complex I genes or impaired glucose utilization. These defects predict sensitivity to biguanides, antidiabetic drugs that inhibit OXPHOS3,4, when cancer cells are grown in low glucose or as tumour xenografts. Notably, the biguanide sensitivity of cancer cells with mtDNA mutations was reversed by ectopic expression of yeast NDI1, a ubiquinone oxidoreductase that allows bypass of complex I function5. Thus, we conclude that mtDNA mutations and impaired glucose utilization are potential biomarkers for identifying tumours with increased sensitivity to OXPHOS inhibitors.
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                    Figure 1: Nutrostat design and metabolic characterization of cancer cells under chronic glucose limitation.[image: ]


Figure 2: Barcode-based cell competition assay and RNAi screen in Nutrostats.[image: ]


Figure 3: Deficiencies in glucose utilization or complex I underlie low-glucose sensitivity of cancer cells.[image: ]


Figure 4: Cancer cells with deficiencies in glucose utilization or complex I are sensitive to phenformin.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Model of the metabolic determinants of sensitivity to low glucose and biguanides.
This diagram outlines the interplay between reserve oxidative phosphorylation (OXPHOS) capacity, sensitivity to biguanides, and sensitivity to culture in low glucose. Most cancer cell lines and normal cells tested exhibited an ability to respond to glucose limitation by upregulating OXPHOS, rendering them less sensitive to biguanides and low-glucose conditions. In contrast, cell lines harbouring mutations in mtDNA-encoded complex I subunits or exhibiting impaired glucose utilization have a limited reserve OXPHOS capacity and are therefore unable to properly respond to biguanides and low glucose, rendering them sensitive to these perturbations. At the extreme, cells artificially engineered to have no OXPHOS (Rho cells) exhibit extreme low glucose sensitivity, but resistance to further inhibition of OXPHOS. Thus, mtDNA mutant cancer cells exist at an intermediate state of OXPHOS functionality that renders them sensitive to treatment with biguanides in vitro and in vivo. Similarly, cell lines with impaired glucose utilization exhibit biguanide sensitivity specifically under the low glucose conditions seen in the tumour microenvironment.


Extended Data Figure 2 Proliferation and media glucose levels in standard culture conditions.
a, Jurkat cell proliferation under 10 mM (black) versus 1 mM (blue) glucose in standard culture conditions. b, Media glucose concentrations over time from cultures in a. Error bars are s.e.m., n = 3. Replicates are biological, means reported. *P < 0.05 by two-sided student’s t-test.


Extended Data Figure 3 Additional data supporting the RNAi screen.
a, Genes scoring as preferentially required for growth in 10 mM glucose compared to 0.75 mM glucose (top). shRNAs scores (given in per cent) and pathway classifications are indicated. Immunoblot analyses depict suppression of PKM by shRNAs (PKM1, PKM2) compared to control (RFP). Proliferation of cells in 0.75 mM (blue) relative to 10 mM glucose (black) harbouring shRNAs targeting PKM or control is also shown (PKM1). *P < 0.05 relative to RFP 0.75 mM glucose. b, Nuclear-encoded core complex I genes are shown in the grey box, with those that scored as differentially required under 0.75 mM glucose in red. The dot plot reports the degree of differential requirement for growth in 0.75 mM glucose (as the log2 difference in shRNA abundance in 0.75 mM glucose versus 10 mM glucose) of individual shRNAs targeting non-core complex I genes, core complex I genes, or non-targeting controls. Red bar, population median. c, Top, mRNA levels of the non-scoring OXPHOS genes (black) and the scoring OXPHOS gene (blue) indicated upon suppression, with the shRNAs indicated as measured by qPCR, relative to a non-targeting shRNA (RFP). Bottom, cell number from 7-day proliferation assay of cells in 0.75 mM glucose relative to 10 mM glucose (not shown) harbouring the indicated shRNAs. shRFP control normalized to 1. Error bars are s.e.m., n = 3. Replicates are biological, means reported. *P < 0.05 by two-sided student’s t-test.


Extended Data Figure 4 Additional data characterizing mitochondrial dysfunction and impaired glucose utilization in cancer cell lines.
a, Ratio of oxygen consumption rate (OCR) to extracellular acidification rate (ECAR) (left) or OCR normalized to protein content (right) for glucose-limitation-resistant (black) or glucose-limitation-sensitive (blue) cell lines. b, Left, mtDNA content for indicated cell lines by qPCR using primers targeting ND1 (black) or ND2 (grey) normalized to gDNA repetitive element (Alu) relative to KMS-12BM. Right, mitochondrial mass measured by fluorescence intensity of Mitotracker Green dye for indicated cell lines. c, Per cent change from baseline (second measurement) of ECAR or OCR in Jurkat cells in conditions in which glucose concentration was maintained at 0.75 mM (blue) or increased to indicated concentrations (black). d, Uptake of 3H-labelled 2-DG (counts per min per ng protein) in 0.75 mM glucose at indicated time points in GLUT3-high (grey) or GLUT3-low (blue) cell lines. e, Heatmap of gene expression values for genes indicated at top and cell lines (left). Genes organized by P value with lowest expressed genes in NCI-H929 and KMS-26 to the left, those with significantly lower expression are in red. Expression values reported as log2-transformed fold difference from the median (scale colour bar shown to the right). f, Immunoblot analyses for GLUT3 and NDI1 expression in indicated cell lines (β-actin loading control). g, i, Proliferation of cell number in cells overexpressing GLUT3 or NDI1 relative to control vector (4 days). h, OCR of permeabilized cells indicated upon addition of indicated metabolic toxins and substrates. j, Fold change in OCR in indicated cells expressing NDI1 relative to control vector. k, l, Proliferation for 4 days of control (Vector) or NDI1 expressing cell lines indicated (NDI1) under 10 mM (black) and 0.75 mM glucose (blue). Error bars are s.e.m. n = 4 for a–c, h, j; n = 3 for d, g, i, k, l. Replicates are biological, means reported. *P < 0.05 by two-sided student’s t-test.


Extended Data Figure 5 Gene expression signature for identifying cell lines with impaired glucose utilization.
Heatmap of gene expression values for the genes indicated on the right for the cell lines in the CCLE set. Gene expression values are reported as the difference from the median across the entire sample set according to the scale colour bar to the top right. Genes 1–8 comprised the gene expression signature used to identify samples with impaired glucose utilization. Samples are sorted based upon this signature, with those predicted to exhibit impaired glucose utilization at the top. The order of samples and all values are reported in Supplementary Table 4.


Extended Data Figure 6 GLUT3 overexpression increases tumour xenograft growth and cell proliferation in low-glucose media.
a, KMS-26 cell lines infected with GLUT3-overexpressing vector or infected with control vector were mixed in equal proportions and cultured under different glucose concentrations. In addition, these mixed cell lines were injected into NOD/SCID mice subcutaneously. After 2.5 weeks, genomic DNA was isolated from tumours as well as cells grown in vitro under the indicated glucose concentrations. Using qPCR, relative abundance of control vector and GLUT3 vector were determined and plotted relative to 10 mM glucose in culture (n = 9). b, Average volume of unmixed tumour xenografts from KMS-26 cell lines infected with GLUT3-overexpressing vector relative to control vector (2.5 weeks) (n = 6). Replicates are biological, means reported. *P < 0.05 by two-sided student’s t-test.


Extended Data Figure 7 Sanger sequencing traces validating mtDNA mutations.
The table summarizing mtDNA mutations in complex I subunits from Fig. 3j is reproduced (bottom right). Traces for each cell line (left) are shown in the order indicated by the table. In cases in which the sequence shown is in the reverse orientation to the revised Cambridge Reference Sequence, these are indicated by ‘reverse str’. For each trace, the gene sequenced is at the bottom left, the DNA sequence is at the top, and the nucleotide alteration is in red text.


Extended Data Figure 8 Additional data supporting the hypersensitivity of cell lines with the identified biomarkers to biguanides.
a, b, Viability (a, 10 mM glucose) or relative change in cell number (b, 4 days, glucose concentration indicated in key) of indicated cell lines at phenformin concentrations indicated. Viability measured by ATP levels on day 3 at phenformin concentrations indicated by the black–blue scale, compared to ATP levels on day 0. Value of 1 indicates fully viable cells (untreated). Value of 0 indicates no change in ATP level compared to day 0 (cytostatic). Negative values indicate decrease in ATP levels (−1 indicates no ATP). c, Viability as in a of indicated cell lines under 0.75 mM and 10 mM glucose at indicated phenformin concentrations. d, Left, relative change in cell number in 0.75 mM glucose, 2 mM metformin relative to untreated in glucose limitation resistant (black) and sensitive (blue) cell lines. Right, relative size of tumour xenografts derived from the indicated cell lines in mice injected with PBS or metformin (intraperitoneal, 300 mg kg−1 day−1). e, Viability as in a of NCI-H929 cells at the indicated concentrations of phenformin and glucose. f, Relative size of indicated cell line xenografts in mice treated with PBS or phenformin (1.7 mg ml−1 in drinking water). g, Per cent change in OCR of control (Vector) or NDI1-expressing lines (NDI1) relative to the second basal measurement and at indicated phenformin concentrations. h, Proliferation of 143B wild-type or 143B rho (no mtDNA) cell lines under 0.75 mM or 10 mM glucose with or without phenformin treatment. Error bars are s.e.m. n = 4 for a, c, e, g; n = 3 for b, d, h (left); n = 5 for d (right), f. Replicates are biological, means reported. *P < 0.05 by two-sided student’s t-test.


Extended Data Figure 9 Long-term treatment of mtDNA mutant cells with phenformin.
a, Sanger sequencing traces of mtDNA-encoded ND1 and ND4 genes from Cal-62 cells expressing NDI1 or control vector cultured under 5 to 20 µM phenformin or no phenformin for 1.5 months. Regions containing mutant sequence are indicated by the red box. b, Heteroplasmy levels for mutation in ND1 or ND4 were assessed by measuring the relative areas under the curve from Sanger-sequencing and plotted. c, Cal-62 cell lines cultured with or without phenformin for 1.5 months assessed for their ability to proliferate in 0.75 mM glucose (blue) relative to 10 mM glucose (black). The proliferation assay was for 4 days in the absence of phenformin. d, Heteroplasmy levels of ND1 and ND4 as in b of Cal-62 tumour xenografts in mice treated with or without phenformin for 28 days. Error bars are s.e.m., n = 3. Replicates are biological (c) or technical (b, d), means reported. *P < 0.05 by two-sided student’s t-test.


Extended Data Figure 10 Schematic of Nutrostat setup.
Part numbers, sizes and dimensions for the Nutrostat assembly are indicated (see Methods for additional details).
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        Editorial Summary
Biguanides active against starved tumour cells
Using a new continuous-flow culture apparatus called Nutrostat, designed to ensure constant and controlled extracellular nutrient levels, David Sabatini and colleagues screened cancer cell lines for genes important when cells experience low glucose levels. They found that the ability of cells to increase mitochondrial oxidative phosphorylation under conditions of low glucose was crucial. Cancer cells unable to do so due to impaired glucose utilization or mitochondrial DNA mutations were particularly sensitive to a class of compounds, biguanides, which are in use to treat diabetes. These findings may lead to new therapeutic applications of these drugs to treat tumours displaying such defects.

show all

    

    
    

    
        
            
                
                    
                        
                            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
	Protocol Exchange
	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 Korea
	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 — 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: ]
