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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.[image: ]


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


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


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


Figure 5: Inhibition of gap junction activity controls brain metastatic outgrowth.[image: ]
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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).
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