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            Abstract
Brain metastasis represents a substantial source of morbidity and mortality in various cancers, and is characterized by high resistance to chemotherapy. Here we define the role of the most abundant cell type in the brain, the astrocyte, in promoting brain metastasis. We show that human and mouse breast and lung cancer cells express protocadherin 7 (PCDH7), which promotes the assembly of carcinoma–astrocyte gap junctions composed of connexin 43 (Cx43). Once engaged with the astrocyte gap-junctional network, brain metastatic cancer cells use these channels to transfer the second messenger cGAMP to astrocytes, activating the STING pathway and production of inflammatory cytokines such as interferon-α (IFNα) and tumour necrosis factor (TNF). As paracrine signals, these factors activate the STAT1 and NF-κB pathways in brain metastatic cells, thereby supporting tumour growth and chemoresistance. The orally bioavailable modulators of gap junctions meclofenamate and tonabersat break this paracrine loop, and we provide proof-of-principle that these drugs could be used to treat established brain metastasis.
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                    Figure 1: Cx43 and PCDH7 are associated with brain metastasis.


Figure 2: Cx43–PCDH7 carcinoma–astrocyte gap junctions mediate brain metastasis.


Figure 3: Gap junctions activate STAT1 and NF-κB pathways in cancer cells.


Figure 4: Gap junctions induce cytosolic dsDNA response in astrocytes.


Figure 5: Inhibition of gap junction activity controls brain metastatic outgrowth.
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Extended data figures and tables

Extended Data Figure 1 Cancer cell–astrocyte interactions.
a, Representative images and quantification of Cx43 immunostaining in matched primary and brain metastatic samples from patients with NSCLC. Scale bar, 100 μm (n = 8 patients). b, Cancer cells used in this study. The following references are cited in the table: 3, 6, 12, 13, 50 and 51. c, Astrocyte co-culture protects cancer cells. As illustrated in schema (left), cleaved caspase 3+ GFP+ apoptotic BrM cells were quantified by flow cytometery after sFasL addition or chemo-treatments (3 independent experiments). d, Flow cytometric quantification of dye transfer from astrocytes to MDA231-BrM2 cells over time (3 independent experiments).


Extended Data Figure 2 Increased expression of Cx43 and PCDH7 in brain metastatic cancer cells and astrocytes.
a, CX43 and PCDH7 mRNA in parental and BrM cells. Data are mean ± s.e.m. (n = 3 independent experiments in triplicate). b, Cx43 and PCDH7 western blotting in ErbB2 parental and brain metastatic cells, as well as Kras/p53 cell lines (n = 3 independent experiments). c, CX26 and CX30 mRNA in MDA231 parental cell lines and the metastatic derivatives of brain (BrM2), lung (LM) and bone (BoM). d, CX43 and PCDH7 mRNA in BrM cells compared to brain cells (n = 3 independent experiments). e, Kaplan–Meier plot illustrates the probability of cumulative metastasis-free survival in 63 cases (GSE8893) of lung adenocarcinoma based on CX43 and PCDH7 expression in the primary tumour. f, g, Knockdown of Cx43 and PCDH7 with shRNAs as assessed by reverse transcriptase PCR (RT–PCR) (f) and western blotting (g). Data are mean ± s.e.m. (n = 3 independent experiments in triplicate).


Extended Data Figure 3 PCDH7 facilitates gap junction communication.
a, b, Histograms and quantification of dye transfer from astrocytes to control and Cx43- or PCDH7-depleted Kras/p53-393N1 cells (a), and from astrocytes to control or Cx43-depleted MDA231-BrM2 cells, in comparison to carbenoxolone (50 μM) treatment (b). c, d, PCDH7 in astrocytes facilitate gap junctions. c, PCDH7 immunoblotting of control or PCDH7-depleted astrocytes. d, Quantification of dye transfer from MDA231-BrM2 cells to PCDH7-depleted astrocytes (d). e, Quantification of dye transfer from HBMECs to control, Cx43- or PCDH7-depleted MDA231-BrM2 cells. f, Dye transfer from MDA231-BrM2 cells to a mixed population of astrocytes and HBMECs. g, Quantification of dye transfer from control or Cx43-depleted MDA231-BrM2 cells to human microglia. For dye transfer assays, values are mean ± s.e.m. (n = ≥2 independent experiments in triplicate).


Extended Data Figure 4 Cx43 directly interacts with PCDH7, but not with E-cadherin or N-cadherin.
a, Schema illustrating split luciferase assay. Fusion constructs of PCDH7 and Cx43 were created with either NLuc or CLuc. When these proteins are brought into proximity, luciferase is functionally reconstituted, producing photons of light. b, Cx43 and PCDH7 constructs fused with NLuc and CLuc were expressed in parental cell lines. The table (top) numerically identifies the cell line combinations used in the assays (bottom), and BLI of a representative plate. c, Cx43 and PCDH7 western immunoblotting in cancer cells overexpressing fusion proteins. d, Quantification of BLI after co-culture of Cx43-CLuc and PCDH7-NLuc cancer cells and astrocytes for 15 min (3 independent experiments) e–g, Luciferase split assay to detect Cx43–E-cadherin or Cx43–N-cadherin interactions. Cell line combinations used in the assays are numerically identified in the table (e), and confirmed by western immunoblotting (f). g, BLI of a representative assay plate; cell line combinations are indicated numerically (n ≥ 2 independent experiments in e–g).


Extended Data Figure 5 Inhibition of gap junction activity prevents brain metastatic outgrowth.
a, BLI quantification of brain metastatic lesions formed by control, Cx43- or PCDH7-depleted H2030-BrM3 cells (n = 2 independent experiments with 9 mice total per group). b, Representative images of GFP+ brain metastatic lesions formed by control, Cx43- or PCDH7-depleted MDA231-BrM2 cells. Brain sections or brain metastatic lesions are delineated by dotted white or red lines, respectively. Scale bars, 1,000 μm. c, BLI (images) and quantification (bar graph) of lung metastatic lesions formed by MDA231-BrM2 cells. Values are mean ± s.e.m. (n = 2 independent experiments with 5 mice total in each group). d, e, Gap-junction-mediated brain metastasis requires channel function of Cx43. Wild-type or T154A mutant Cx43 was re-expressed in Cx43-depleted (CX43 sh2) MDA231-BrM2 cells. Cx43 expression was detected by western blotting (d), and brain metastasis formed by these cells was quantified by BLI (e) (n = 2 independent experiments with 10 mice total per group).

Source data



Extended Data Figure 6 Cx43 and PCDH7 do not mediate early events of extravasation and vascular co-option in brain metastasis.
a, Cx43 and PCDH7 do not mediate trans-BBB migration. Quantification of control, Cx43- or PCDH7-depleted MDA231-BrM2 cells in 7-day brain lesions was carried out as follows: at the indicated time point, mice were euthanized, brains were sectioned, 10% of the sections were immunostained, and all GFP+ cells in these sections were counted. Data are mean ± s.e.m. (n = 5 brains in each group). b, Cx43 and PCDH7 mediate cancer cell colonization in 14-day brain lesions. Sectioning and staining were carried out as described in a. Representative images are GFP (green) and Ki67 (red) staining. DAPI, nuclear staining. Scale bar, 20 μm. Bar graph is the proportion of Ki67+ cancer cells. Data are mean ± s.e.m. (n = 5 brains in each group). c, Cx43 and PCDH7 mediate cancer cell survival. MDA231-BrM2 cells expressing CX43 shRNA, PCDH7 shRNA or control shRNA were deposited onto living brain sections, five brain slices were seeded with cancer cells of each type. After 48 h, slices were fixed and stained for GFP (green) and cleaved caspase 3 (Casp3) (red) staining. Representative images are shown. Scale bar, 30 μm. After staining, all GFP+ cells were counted on each slice. GFP+ cells with caspase 3+ staining were scored as ‘apoptotic’. Histogram shows proportion of caspase 3+ apoptotic cancer cells. Data are mean ± s.e.m. (n = 5 brain slices in each group). d, Cx43 and PCDH7 do not affect vascular co-option of cancer cells in 14-day brain lesions. Representative images are GFP (green) staining and vascular structure filled with TRITC dextran (red). Scale bar, 20 μm (n = 2 independent experiments).


Extended Data Figure 7 TRAP after cancer cell astrocyte co-culture.
a, Schematic illustration of TRAP experimental set up to isolate translating mRNA from MDA231-BrM2 cells under three conditions (1, 2 and 3). b, Principle component (PC) analysis of TRAP mRNA sequencing. c, Scatter plot of log2 fold changes regulated by astrocytes and gap junction communications between BrM cells and astrocytes. d, STAT1 and NF-κB p65 phosphorylation in H2030-BrM3 cells after a 2 h incubation with conditioned media from astrocyte co-cultures. Conditioned media samples were collected after 24 h co-culture of astrocytes with control or Cx43-depleted H2030-BrM3 cells (n = 3 independent experiments).


Extended Data Figure 8 Gap-junction-generated signalling activates IFN and NF-κB pathways in cancer cells.
a, Cytokine array analysis of conditioned media collected after 24 h co-culture of human astrocytes with control or Cx43-depleted MDA231-BrM2 cells. The log2 fold changes are plotted. b, Schematic of co-culture conditioned media collection and human astrocyte re-isolation (left) ELISA of IFNα and TNF in conditioned media from astrocyte co-cultures with the indicated MDA231-BrM2 cells (right) Data are mean ± s.e.m. (n ≥ 2 independent experiments with 4 total replicates). c, Relative levels of cleaved caspase 3 in MDA231-BrM2 cells treated with various concentrations of carboplatin in the presence or absence of 10 U ml−1 (39 U ng−1) IFNα or 10 pg ml−1 TNF. Data are mean ± s.e.m. (n = 5 technical replicates over 3 independent experiments). d, STAT1 levels in control and STAT1-knockdown LLC-BrM and 393N1 cells. e, Quantification of BLI signal from brain metastases formed by syngeneic LLC-BrM control, or STAT1-knockdown cells (n = 2 independent experiments with 12–15 mice total per group). f, NF-κB Renilla luciferase reporter assay in MDA231-BrM cells expressing control pBABE or SR-IκBα vector. Data are mean ± s.e.m. (n = 3 technical replicates).

Source data



Extended Data Figure 9 Gap junctions initiate cytosolic DNA response in astrocytes.
a, Control or Cx43-depleted H2030-BrM3 cells were co-cultured for 18 h with/without astrocytes, and subjected to immunobloting analysis of phosphorylated TBK1 and IRF3 (n = 3 independent experiments). b, Immunoblot of mouse astrocytes depleted of STING with control (non-silencing) or Sting shRNAs. c, Mouse IFNα and TNF were quantified in the conditioned medium after co-culture by ELISA (n = 2 independent experiments with 3 replicates each). d, LLC-BrM growth in syngeneic C57Bl6 mice hosts wild-type (+/+) or knockout (−/−) for Sting. Bottom, diameter of brain metastases. Scale bar, 50 μm. Brains from all mice (n = 22) were sectioned, immunostained, and measured. All GFP+ brain metastases were quantified (2.8 ± 0.67 metastases per Sting+/+ mouse; 1.6 ± 0.55 in Sting−/− mice). e, Quantification of dsDNA in the indicated cellular fractions from 2 × 107 H2030-BrM3, MDA231-BrM2 or human astrocyte cells. Data are mean ± s.e.m. (n = 3 biological replicates; 2 independent experiments). f, Ratio of cytosolic dsDNA and nuclear dsDNA in indicated cancer cells and non-neoplastic cells. g, Representative image of immunofluorescent staining of dsDNA, GFP and CoxIV (a mitochondrial marker) in MDA231-BrM2 cells. h, cGAMP identification. The peak at 4.47 min contains all three selected reaction monitoring (SRM) transitions specific for cGAMP. AA, automatically integrated peak area; RT, retention time. i, j, EdU-labelled MDA231-BrM2 cells were co-cultured with astrocytes for 6 h. Transfer of EdU-labelled DNA from cancer cells to astrocytes was visualized using confocal microscopy (i), or quantified by flow cytometry (j). k, Immunoblot of H2030-BrM3 cells depleted of cGAS with shRNAs or control shRNA. l, Human astrocytes, were cultured for 18 h with/without H2030-BrM cells expressing control or cGAS shRNA. Human IFNα and TNF were quantified in the conditioned medium by ELISA (n = 2 independent experiments in triplicate). m, Quantification of BLI signal from brain metastases formed by H2030-BrM3 cells depleted of cGAS with two independent shRNAs (n = 2 independent experiments with 6 mice total per group).

Source data



Extended Data Figure 10 Inhibition of gap junction activity prevents brain metastatic outgrowth.
a–d, After treatment with tonabersat or meclofenamate (a), brain metastasis (b), primary tumour growth in mammary fat pads (c), or lung metastasis (d) was quantified by BLI. Data are mean ± s.e.m. (n = 2 independent experiments with 10 mice total in each group). e, Human astrocytes were treated with 200 μM tonabersat or 100 μM meclofenamate for 12 h before transfection with cGAMP (4 μg ml−1) using Lipofectamine 2000 or Lipofectamine alone. Conditioned media was collected 18 h later and assayed for human TNF and IFNα by ELISA (n = 2 biological replicates). f, g, Knockdown of Cx43 and PCDH7 in MDA231-BrM2 cells with tet-on inducible shRNA as assessed by RT–PCR (f) and western blotting (g), after doxycycline treatment in vitro (n = 2 independent experiments). h, Brain ex vivo BLI 14 days after inoculation of MDA231-BrM2 cells (n = 10 mice).

Source data






Supplementary information
Supplementary Table 1
The file shows the target sequences of shRNAs. (PDF 3697 kb)


Dye transfer from MDA231-BrM2 cells and astrocytes
MDA231-BrM2 cells with Calcein Red-Orange dye. A single-cell suspension of labeled cancer cells was added to the monolayer cultured astrocytes. Bright field and red fluorescent images in the same region were captured every 20 minutes. (MOV 5272 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5




Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Fig. 3

Source data to Extended Data Fig. 4

Source data to Extended Data Fig. 5

Source data to Extended Data Fig. 6

Source data to Extended Data Fig. 7




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Chen, Q., Boire, A., Jin, X. et al. Carcinoma–astrocyte gap junctions promote brain metastasis by cGAMP transfer.
                    Nature 533, 493–498 (2016). https://doi.org/10.1038/nature18268
Download citation
	Received: 09 September 2015

	Accepted: 12 April 2016

	Published: 18 May 2016

	Issue Date: 26 May 2016

	DOI: https://doi.org/10.1038/nature18268


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

                
                    	
                            
                                
                                    
                                        A rare non-gadolinium enhancing sarcoma brain metastasis with microenvironment dominated by tumor-associated macrophages
                                    
                                

                            
                                
                                    	David Rogawski
	Joshua Wheeler
	Seema Nagpal


                                
                                Acta Neuropathologica Communications (2024)

                            
	
                            
                                
                                    
                                        cGAS-STING, inflammasomes and pyroptosis: an overview of crosstalk mechanism of activation and regulation
                                    
                                

                            
                                
                                    	Jingwen Liu
	Jing Zhou
	Zheilei Wang


                                
                                Cell Communication and Signaling (2024)

                            
	
                            
                                
                                    
                                        Innate immune sensing of lysosomal dysfunction drives multiple lysosomal storage disorders
                                    
                                

                            
                                
                                    	Ailian Wang
	Chen Chen
	Pinglong Xu


                                
                                Nature Cell Biology (2024)

                            
	
                            
                                
                                    
                                        Second messenger 2'3'-cyclic GMP-AMP (2'3'-cGAMP): the cell autonomous and non-autonomous roles in cancer progression
                                    
                                

                            
                                
                                    	Xiao-yu Ma
	Man-man Chen
	Ling-hua Meng


                                
                                Acta Pharmacologica Sinica (2024)

                            
	
                            
                                
                                    
                                        TP53 to mediate immune escape in tumor microenvironment: an overview of the research progress
                                    
                                

                            
                                
                                    	Kai-li Zhu
	Fei Su
	Tao Zhang


                                
                                Molecular Biology Reports (2024)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
Metastasis reduced by gap junction inhibitors
The development of novel therapeutic approaches to brain metastases has been hampered by a lack of mechanistic insights. These authors report that invasive breast and lung cancer cells engage the normally protective network of brain astrocytes to support metastases. By establishing gap junctions, tumour cells trigger the activation of innate immune response signalling in astrocytes, which then secrete factors that support metastatic growth and chemoresistance. The gap junction inhibitors meclofenamate and tonabersat interfere with this paracrine loop and impair the growth of experimental brain metastases, suggesting possible clinical relevance.

show all

    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Collection

                                
                                    Glial Cells in Health and Disease
                                

                            
                        

                    
                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    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
            
        


    









    








