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            Abstract
Metastasis is the major driver of death in patients with cancer. Invasion of surrounding tissues and metastasis have been proposed to initiate following loss of the intercellular adhesion protein, E-cadherin1,2, on the basis of inverse correlations between in vitro migration and E-cadherin levels3. However, this hypothesis is inconsistent with the observation that most breast cancers are invasive ductal carcinomas and express E-cadherin in primary tumours and metastases4. To resolve this discrepancy, we tested the genetic requirement for E-cadherin in metastasis using mouse and human models of both luminal and basal invasive ductal carcinomas. Here we show that E-cadherin promotes metastasis in diverse models of invasive ductal carcinomas. While loss of E-cadherin increased invasion, it also reduced cancer cell proliferation and survival, circulating tumour cell number, seeding of cancer cells in distant organs and metastasisÂ outgrowth. Transcriptionally, loss of E-cadherin was associated with upregulation of genes involved in transforming growth factor-Î² (TGFÎ²), reactive oxygen species and apoptosisÂ signalling pathways. At the cellular level, disseminating E-cadherin-negative cells exhibited nuclear enrichment of SMAD2/3, oxidative stress and increased apoptosis. Colony formation of E-cadherin-negative cells was rescued by inhibition of TGFÎ²-receptor signalling, reactive oxygen accumulation or apoptosis. Our results reveal that E-cadherin acts as a survival factor in invasive ductal carcinomas during the detachment, systemic dissemination and seeding phases of metastasis by limiting reactive oxygen-mediated apoptosis. Identifying molecular strategies to inhibit E-cadherin-mediated survival in metastatic breast cancer cells may have potential as a therapeutic approach for breast cancer.
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                    Fig. 1: E-cad loss increases invasion and dissemination into 3D collagen I.[image: ]


Fig. 2: E-cad loss inhibits metastasis.[image: ]


Fig. 3: E-cad loss decreases colony formation.[image: ]


Fig. 4: Disseminated E-cadâˆ’ cells frequently undergo TGFÎ²-dependent ROS-mediated apoptosis.[image: ]
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                Data availability

              
              The next-generation RNA-seq data is available from NCBI Gene Expression Omnibus with accession number GSE114011. The numerical data underlying all figure panels are available in theÂ Supplementary Information. Additional requests for information or data will be fulfilled by the corresponding author upon request.

            

Code availability

              
              Semi-custom code was developed for RNA-seq analysis and has been made available on GitHub at https://github.com/baderzone/ecad_2019.
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Extended data figures and tables

Extended Data Fig. 1 E-cad expression is retained during several intermediate stages of metastasis.
a, E-cad expression is determined by immunofluorescence at various stages of metastasis following orthotopic transplantation of MMTV-PyMT; mT/mG tumour organoids into NSG host mice. Observations described in this figure were made across at least three independent MMTV-PyMT tumours. b, Tumour organoids embedded in collagen I express membrane-localized E-cad. Scale bar, 50Â Î¼m. c, Representative tile scan showing E-cad expression within a primaryÂ tumour section. Scale bar, 500Â Î¼m. Three selected regions within the tumour (yellow boxes; scale bar, 200Â Î¼m) express high levels of membrane-localized E-cad. dâ€“g, E-cad is also expressed in invasion strands (d), locally disseminated units (e), intravasated units (f) and distant metastases (g) in vivo. Scale bar, 50Â Î¼m. Arrowhead, disseminated unit (e) or intravasated unit (f). Yellow box in f marks a magnified inset (scale bar, 20Â Î¼m).


Extended Data Fig. 2 E-cad loss decreases migratory persistence ex vivo and increases invasion in vivo.
a, E-cad+ or E-cadâˆ’ cells from adeno-Cre-treated MMTV-PyMT; Cdh1+/+ or Cdh1fl/fl organoids, respectively, were manually tracked as they migrated within collagen I. Blue lines, cell tracks; circles, last tracked position of the cell at that time point. Scale bar, 50Â Î¼m. b, c, Disseminating E-cadâˆ’ cancer cells exhibit decreased migratory persistence (b) and displacement (c) relative to E-cad+ cells. Bar, median. ****PÂ <Â 0.0001 and *PÂ =Â 0.027 (Mannâ€“Whitney test, two-sided). d, Adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ or Cdh1fl/fl organoids were transplanted into cleared mammary fat pads of immunocompromised NSG mice. Tumour sizes were monitored twice weekly and collected after ~6â€“8 weeks. e, Tumours arising from Cdh1fl/fl organoids were smaller than those arising from control organoids at the corresponding timepoint. Data are meanÂ Â±Â s.e.m. ****PÂ <Â 0.0001 (regression analysis). f, Representative micrographs of primary tumours arising from Cdh1+/+ or Cdh1fl/fl donor tissue. Scale bar, 500Â Î¼m. Control tumours have relatively similar amounts of mT+ and mG+ cancer cells. By contrast, mG+ (Cre+E-cadâˆ’) cancer cells constitute <10% of Cdh1fl/fl tumours. Data are meanÂ Â±Â s.e.m. ****PÂ <Â 0.0001 (Kruskalâ€“Wallis test). g, Left, representative tile scan of a primary tumour arising from control organoids (scale bar, 500Â Î¼m); an enlarged inset of the tumourâ€“stroma border is shown (scale bar, 50 Î¼m). Right, ~94% of the tumour border exhibits a pushing boundary. h, Left, representative tile scan of a mG+ (E-cadâˆ’) region of a primary tumour arising from Cdh1fl/fl organoids (scale bar, 500Â Î¼m); enlarged insets of the tumourâ€“stroma border are shown (scale bars, 50Â Î¼m and 20Â Î¼m). Right, more than 80% of the E-cadâˆ’ tumour edge has an invasive morphology.

Source data



Extended Data Fig. 3 E-cad- cancer cells retain epithelial gene expression.
a, Control adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ tumours are E-cad+, keratin+, vimentinâˆ’. mG+ (Cre+) cells in adeno-Cre-transduced MMTV-PyMT; Cdh1fl/fl tumours are E-cadâˆ’, keratin+ and vimentinâˆ’. Dotted lines define mT+, E-cad+ regions within Cdh1fl/fl tumours. Adjacent host-derived stroma serves as a positive control for vimentin expression. Scale bar, 50Â Î¼m. Repeated across at least three independent Cdh1+/+ and Cdh1fl/fl tumours. b, Metastases in control transplant mice are keratin+. mG+ (Cre+) metastases arising in adeno-Cre-transduced MMTV-PyMT; Cdh1fl/fl transplant mice are keratin+. Scale bar, 50Â Î¼m. Repeated across sections from at least three independent Cdh1+/+ and Cdh1fl/fl mice. c, Lung metastases in control tail-vein mice are E-cad+ and have membrane localized Î²-catenin. By contrast, mG+ metastases in mice injected with adeno-Cre-transduced MMTV-PyMT; Cdh1fl/fl clusters are E-cadâˆ’ and Î²-cateninâˆ’. Scale bar, 50Â Î¼m. Repeated across sections from at least three independent Cdh1+/+ and Cdh1fl/fl mice. d, Left, representative micrographs of metastases arising in adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ or Cdh1fl/fl transplant mice. Scale bar, 100Â Î¼m. Right, projected surface area of metastases arising in adeno-Cre-transduced MMTV-PyMT Cdh1+/+ and Cdh1fl/fl host mice is represented. Box plots show the median, box edges represent the first and third quartiles, and the whiskers extend to 5th and 95th percentiles. ****PÂ <Â 0.0001 (Mannâ€“Whitney test, two-sided). e, Heat map of canonical EMT transcripts (left) and cadherin family members (right). RNA-seq was performed by comparing transcriptomes of four adeno-Cre-treated MMTV-PyMT; Cdh1+/+ organoids to five adeno-Cre-treated MMTV-PyMT; Cdh1fl/fl organoids. P values were calculated for the Wald test. Genome-wide significanceÂ =Â 1.7Â Ã—Â 10âˆ’6 (FWERÂ =Â 0.05).

Source data



Extended Data Fig. 4 E-cad loss increases invasion and dissemination but prevents metastasis across several assays.
a, All metastases arising from adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ organoids are E-cad+. Only mG+ metastases arising from adeno-Cre-transduced MMTV-PyMT; Cdh1fl/fl organoids are E-cadâˆ’. b, Number of macrometastases in mice transplanted with adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ or Cdh1fl/fl tumour organoids, as sorted by the colour of the metastasis (mT, mG or mT/mG mixed). Horizontal line shows the median. ****PÂ <Â 0.0001 (Kruskalâ€“Wallis test). c, Number of macrometastases per mouse after tail-vein injections of adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ or Cdh1fl/fl clusters, as sorted by the colour of the metastasis (mT, mG or mT/mG mixed) is represented. Horizontal line shows the median. ****PÂ <Â 0.0001 (two-way ANOVA). d, Schematic of 3D-invasion assays using organoids from the same MMTV-PyMT; Cdh1fl/fl tumour with or without adeno-Cre transduction. e, Representative DIC images of MMTV-PyMT; Cdh1fl/fl organoids with or without adeno-Cre. Arrowheads, dissemination events. Scale bar, 50Â Î¼m. f, g, There is an increase in invasion (f) and dissemination (g) in Cdh1fl/fl organoids treated with adeno-Cre, relative to uninfected controls. Box plots show the median, box edges represent the first and third quartiles, and the whiskers extend to 5th and 95th percentiles. ****PÂ <Â 0.0001 (Mannâ€“Whitney test, two-sided). h, i, Schematic of the transplant assay using MMTV-PyMT; Cdh1fl/fl organoids with or without adeno-Cre (h). There are no observable E-cadâˆ’ macrometastases (i). Horizontal line shows the median. **PÂ =Â 0.0022 (Mannâ€“Whitney test, two-sided). j, k, Schematic of the tail-vein assay using MMTV-PyMT; Cdh1fl/fl organoids with or without adeno-Cre (j). E-cad- cancer cells are defective at tumour-cell seeding (k). Horizontal line shows the median. **PÂ =Â 0.0087 (Mannâ€“Whitney test, two-sided). l, Schematic of orthotopic transplantation of adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ or MMTV-PyMT; Cdh1fl/fl tumour organoids into immunocompetent FVB host mice. Lungs from these mice were collected after ~8 weeks and the number of metastases was counted. m, Number of observed macrometastases in FVB mice transplanted with adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ or Cdh1fl/fl tumour organoids, sorted by the colour of the metastasis. Horizontal line shows the median. **PÂ =Â 0.0033, *PÂ =Â 0.024 (two-way ANOVA). n, Left, all metastases arising in control mice are E-cad+. Only mG+ cells containing metastases in adeno-Cre-transduced MMTV-PyMT; Cdh1fl/fl host mice are E-cadâˆ’. Right, E-cadâˆ’ cancer cells do not contribute to observable macrometastases in adeno-Cre-transduced MMTV-PyMT; Cdh1fl/fl immunocompetentÂ host mice. Horizontal line shows the median. ****PÂ <Â 0.0001 (Mannâ€“Whitney test, two-sided).

Source data



Extended Data Fig. 5 Tamoxifen-inducible Cdh1 deletion increases invasion and decreases metastasis ex vivo and in vivo.
a, Schema for tail-vein injections using FACS-sorted populations of purely E-cad+ or E-cadâˆ’ cancer clusters. b, E-cadâˆ’ cancer cell clusters form significantly fewer metastatic colonies compared to E-cad+ clusters. ***PÂ =Â 0.0002 (Mannâ€“Whitney test, two-sided). c, Schema for invasion assay using tamoxifen-treated MMTV-PyMT; Cdh1fl/fl; CreER organoids. Control organoids were also tamoxifen-treated and were isolated from MMTV-PyMT; Cdh1fl/fl tumoursÂ without CreER expression. d, Representative western blot depicting E-cad protein levels (loading control on same gel; three replicates of E-cad were quantified for summary graph). Data are meanÂ Â±Â s.d. *PÂ =Â 0.029 (Mannâ€“Whitney test, two-sided). e, Representative DIC micrographs of collagen-embedded, tamoxifen-treated control and CreER-expressing organoids. Arrowheads, dissemination events. Scale bar, 50Â Î¼m. f, g, Tamoxifen-treated organoids isolated from CreER-expressing tumours are more invasive (f) and disseminative (g) than control organoids. Box plots show the median, box edges represent the first and third quartiles, and the whiskers extend to 5th and 95th percentiles. ****PÂ <Â 0.0001 (Mannâ€“Whitney test, two-sided). h, Schematic of in situ Cdh1 deletion. Organoids isolated from MMTV-PyMT; Cdh1fl/fl and Cdh1fl/fl; CreER tumours were transplanted into immunocompromised NSG mice. Once these mice developed tumours of up to 8â€“10Â mm, tamoxifen was injected intraperitoneally, and tumour growth was monitored twice weekly. Tumours were collected ~six weeks after transplantation. i, There is a decrease in tumour growth rates after Cdh1 deletion relative to control tumours. Data are meanÂ Â±Â s.e.m. ****PÂ <Â 0.0001 by regression analysis. j, Representative tile scan of a MMTV-PyMT; Cdh1fl/fl; CreER primary tumour. Tamoxifen was injected to delete Cdh1. mT+ cells did not express Cre and are E-cad+; mG+ cancer cells are E-cadâˆ’. Scale bar, 500 Î¼m. Magnified insets for E-cad+ (yellow box; scale bar, 50Â Î¼m) and E-cadâˆ’ (grey box; scale bar, 50Â Î¼m) regions of the tumour boundary.
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Extended Data Fig. 6 E-cad loss promotes invasion and suppresses metastasis in a basal model of IDC.
a, Schematic of 3D invasion assay using C3(1)-tag tumour organoids. Cdh1 deletion is induced by adeno-Cre. Control organoids are treated with adeno-GFP. b, Representative western blot depicting protein levels of E-cad in adeno-GFP and adeno-Cre-transduced C3(1)-tag; Cdh1fl/fl organoids (loading control on same gel; four replicates of E-cad were quantified for summary graph). Data are meanÂ Â±Â s.d., *PÂ =Â 0.029 (Mannâ€“Whitney test, two-sided). c,Â Representative timelapse DIC images of adeno-GFP and adeno-Cre-transduced C3(1)-tag; Cdh1fl/fl tumour organoids. Scale bar, 50Â Î¼m. d,Â There is a significant increase in dissemination in adeno-Cre-transduced C3(1)-tag; Cdh1fl/fl organoids relative to control organoids. Box plots show the median, box edges represent the first and third quartiles, and the whiskers extend to 5th and 95th percentiles; ****PÂ <Â 0.0001 (Mannâ€“Whitney test, two-sided). e, Adeno-GFP or adeno-Cre-transduced C31(1)-Tag; Cdh1fl/fl organoids were transplanted into the cleared mammary fat pads of NSG mice. The tumour boundary was examined for invasive morphology. f, Left, control C3(1)-tag tumours typically organize and invade collectively. Right, loss of E-cad causes an increase in invasion and disseminationÂ along the tumourâ€“stroma interface (scale bar, 500Â Î¼m). Magnified insets show invasive borders (scale bar, 100Â Î¼m). g, CTCs were isolated by cardiac puncture performed on NSG mice transplanted with adeno-GFP or adeno-Cre-transduced C3(1)-tag; Cdh1fl/fl organoids. Left, there is a significant decrease in the number CTCs arising from E-cadâˆ’ cancer cells. Horizontal line shows the median. *PÂ =Â 0.026 (Mannâ€“Whitney test, two-sided). Right, representative images of E-cad+ and E-cadâˆ’ CTCs. Scale bar, 20Â Î¼m. h, Schema for transplant and tail-vein assays using adeno-GFP or adeno-Cre-transduced C3(1)-tag; Cdh1fl/fl tumour organoids. All metastases in control mice are E-cad+, whereas only metastases containing mG+ cancer cells in mice injected with adeno-Cre transduced organoids are E-cadâˆ’. i, Left, representative micrographs of E-cad+ and E-cadâˆ’ metastases arising in adeno-GFP and adeno-Cre-transduced C3(1)-tag; Cdh1fl/fl transplant mice, respectively. Scale bar, 50Â Î¼m. Right, E-cadâˆ’ cancer cells rarely contribute to macrometastases. Horizontal line shows the median. **PÂ =Â 0.002 (Mannâ€“Whitney test, two-sided). j, Left, whole-lung images of metastases arising after tail-vein injections of adeno-GFP or adeno-Cre-transduced C3(1)-tag; Cdh1fl/flcancer cell clusters (scale bar, 1Â cm), with magnified insets for smaller lung areas. Arrowheads, metastases. Right, E-cadâˆ’ cancer cells rarely contribute to metastases in tail-vein assay. Horizontal line shows the median. ****PÂ <Â 0.0001 (Mannâ€“Whitney test, two-sided).
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Extended Data Fig. 7 Loss of E-cad in a triple-negative IDC PDX increases invasion and dissemination but decreases colony formation.
a, Gating strategy to isolate tumour cell clusters (2â€“4 cells each). b, c, Flow sorting strategy to isolate mT+ (E-cad+) tumour cell clusters from tamoxifen treated MMTV-PyMT; Cdh1fl/fl organoids (b) or mG+ (E-cadâˆ’) tumour-cell clusters from tamoxifen treated MMTV-PyMT; Cdh1fl/fl; CreER organoids (c). Scale bar, 10Â Î¼m. d, Organoids were isolated from a triple-negative PDX tumour and were divided into three groups for treatment with lentiviral shRNA against luciferase or E-cad (two shRNA clones). Puromycin was used to positively select transduced cells. Organoids were embedded in 3D collagen I to assay their invasive phenotype. e, Representative western blot depicting decreased levels of E-cad protein when treated with Cdh1 shRNA (loading control on same gel; three replicates of E-cad were quantified for summary graph). Data are meanÂ Â±Â s.d. *PÂ =Â 0.02 (Kruskalâ€“Wallis test). f, Representative micrographs of PDX tumour organoids embedded in collagen I. Scale bar, 50Â Î¼m. g, h, Knockdown of E-cad in PDX organoids significantly increases invasion (g) and dissemination (h). Horizontal line shows the median. ****PÂ <Â 0.0001, ***PÂ =Â 0.0002 (Kruskalâ€“Wallis test). i, Schema for colony formation assay after E-cad knockdown in a triple-negative PDX model. j, Representative micrographs of colonies arising from PDX-derived cancer cell clusters treated with luciferase shRNA or Cdh1 shRNA (two shRNA clones). Scale bar, 50Â Î¼m. k, Knockdown of E-cad in PDX-derived cancer cells decreases colony formation. *PÂ =Â 0.034 (Kruskalâ€“Wallis test).
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Extended Data Fig. 8 Loss of E-cad causes an increase in apoptosis, ROS accumulation and TGFÎ² signalling.
a, Representative western blot depicting no significant changes in total protein levels of the dormancy maker, NR2F1, in adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ or Cdh1fl/fl organoids (loading control on same gel; three replicates of NR2F1 were quantified for summary graph). Data are meanÂ Â±Â s.d. ****PÂ <Â 0.0001 (Mannâ€“Whitney test, two-sided). b, RNA-seq was used to compare gene expression changes in adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ and Cdh1fl/fl organoids. c, Heat map of differentially expressed transcripts in adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ and Cdh1fl/fl tumour organoids. RNA-seq was performed by comparing transcriptomes of four adeno-Cre-treated MMTV-PyMT; Cdh1+/+ organoids to five adeno-Cre-treated MMTV-PyMT; Cdh1fl/fl organoids. P values were calculated for the Wald test. Genome-wide significanceÂ =Â 1.7Â Ã—Â 10âˆ’6 (FWERÂ =Â 0.05). d, Schema of transcripts known to be involved in metastasis that are upregulated (red boxes) or downregulated (blue boxes) as a consequence of E-cad loss in MMTV-PyMT tumour organoids. e, Differentially expressed transcripts that have previously been shown to regulate apoptosis are highlighted (red) among all differential transcripts (black). All transcripts are represented in grey. RNA-seq was performed by comparing transcriptomes of four adeno-Cre-treated MMTV-PyMT; Cdh1+/+ organoids to five adeno-Cre-treated MMTV-PyMT; Cdh1fl/fl organoids. Raw P values are reported without multiple-testing correction. Fold change is reported as experimental/control for experimentalÂ >Â control and as âˆ’control/experimental for controlÂ >Â experimental. Genome-wide significanceÂ =Â 1.7Â Ã—Â 10âˆ’6 (FWERÂ =Â 0.05). f, Proportion of disseminating E-cad+ or E-cadâˆ’ cancer cells displaying apoptotic morphologies. g, CC3 is localized to E-cadâˆ’ disseminating cells in adeno-CreÂ =Â transduced MMTV-PyMT; Cdh1fl/fl tumour organoids (scale bar, 50Â Î¼m), with zoomed insets for the organoid bulk and disseminated cell (scale bar, 20Â Î¼m). Arrows, disseminated cells. h, Mean intensity of ROS in E-cad+ or E-cadâˆ’ disseminated cells relative to the corresponding organoid bulk. ****PÂ <Â 0.0001, **PÂ =Â 0.002 (Mannâ€“Whitney test, two-sided). i, SMAD2/3 is diffusely expressed within E-cad+, MMTV-PyMT cancer cells, whereas it is nuclear localized after Cdh1 deletion. Scale bar, 20Â Î¼m. Observations were made across at least three independent tumours.
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Extended Data Fig. 9 E-cad loss is associated with increased apoptosis at several stages of metastasis in vivo.
a, CC3 immunoreactivity was used to detect the relative abundance of apoptosis in transplanted adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ or Cdh1fl/fl tumours. b, Representative micrographs of E-cad+ primary tumours depicting the rarity of CC3+ cancer cells within the tumour bulk, invasion or dissemination events (magnified insets; scale bar, 20Â Î¼m). Scale bar, 50Â Î¼m. c, Representative micrographs of E-cadâˆ’ primary tumours depicting a significant proportion of CC3+ cancer cells within the tumour bulk, dissemination events and invasion (magnified insets; scale bar, 20Â Î¼m). Scale bar, 50Â Î¼m. d, The number of CC3+ cancer cells within E-cadâˆ’ primary tumours increases significantly relative to E-cad+ primary tumours. Horizontal line shows the median. ***PÂ =Â 0.0008 (Mannâ€“Whitney test, two-sided). e, Left, representative micrographs marking CC3+ cancer cells within E-cad+ or E-cadâˆ’ metastases. Scale bar, 20Â Î¼m. Arrowhead, CC3+, E-cadâˆ’ metastasis. Right, there is a significant increase in the amount of apoptosis in E-cadâˆ’ metastases relative to E-cad+ metastases. Horizontal line shows the median. *PÂ =Â 0.015 (Mannâ€“Whitney test, two-sided). f, Schema of colony-formation assay using MMTV-PyMT; E-cad+ or E-cadâˆ’ cancer cells in the presence of 100Â nM or 1Â Î¼M of doxorubicin, paclitaxel and cisplatin. g, E-cadâˆ’ cancer cells are no more or less sensitive to chemotherapies compared to E-cad+ cancer cells. Data are meanÂ Â±Â s.d. **PÂ =Â 0.0065 (E-cad+), 0.0044 (E-cadâˆ’) and ***PÂ =Â 0.0005 (Ecad+), 0.0003 (E-cadâˆ’) (Kruskalâ€“Wallis test).
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Extended Data Fig. 10 Effects of apoptosis, oxidative stress and TGFÎ² inhibition on dissemination of E-cad+ or E-cadâˆ’ MMTV-PyMT organoids.
a, Schema of invasion assay in the presence of a pan-caspase inhibitor (z-VAD-FMK). b, Representative micrographs of adeno-Cre-transduced MMTV-PyMT; Cdh1+/+ or Cdh1fl/fl organoids in the presence of z-VAD-FMK. Scale bar, 50Â Î¼m. c, d, There is a dose-dependent increase in invasion (c) and dissemination (d) of Cdh1fl/fl organoids relative to control organoids in the presence of z-VAD-FMK. Box plots show the median, box edges represent the first and third quartiles, and the whiskers extend to 5th and 95th percentiles. ****PÂ <Â 0.0001 (Kruskalâ€“Wallis test). e, Schema of invasion assay in the presence of NAC, soluble TGFÎ² or TGFÎ²R1 inhibitorÂ (SB525334). f, Representative images of tamoxifen-treated MMTV-PyMT; Cdh1fl/fl or Cdh1fl/fl; CreER organoids in the presence of these inhibitors. Treatment with soluble TGFÎ² increases dissemination of E-cad+ and E-cadâˆ’ organoids while inhibition of TGFÎ²R1 decreases dissemination. Treatment with NAC does not change dissemination of E-cad+ or E-cadâˆ’ organoids. Scale bar, 50Â Î¼m. Box plots show the median, box edges represent the first and third quartiles, and the whiskers extend to 5th and 95th percentiles. ****PÂ <Â 0.0001 (Kruskalâ€“Wallis test). g, Schema of tail-vein assays using NAC pre-treated E-cad+ or E-cadâˆ’ cancer cell clusters. MMTV-PyMT; Cdh1fl/fl organoids were treated with adeno-GFP or adeno-Cre, trypsinized into small clusters, incubated with NAC for 24Â h, and injected via the tail vein of NSG host mice. Lungs from these mice were collected 48Â h or 1 week after injection and number of micro- and macrometastases, respectively, were counted. h, There is no significant difference in the number of micrometastases arising from E-cad+ or E-cadâˆ’ cancer cells after NAC pre-treatment. Horizontal line shows the median. (Mannâ€“Whitney test, two-sided). i, NAC pretreatment partially rescued the ability of E-cadâˆ’ cancer cells to form macrometastases relative to E-cad+ cancer cells. Horizontal line shows the median. **PÂ =Â 0.0051 (Mannâ€“Whitney test, two-sided).
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Video 1
Control MMTV-PyMT organoids invade collectively into 3D collagen I Representative DIC timelapse of an adeno-Cre transduced MMTV-PyMT; E-cad+/+ organoid (E-cad+) embedded in 3D collagen I. Representative across at least 3 independent tumors.


Video 2
E-cad deletion increases invasion and local dissemination of MMTV-PyMT organoids in 3D collagen I Representative DIC timelapse of an adeno-Cre transduced MMTV-PyMT; E-cadfl/fl organoid (mosaic E-cad-) embedded in 3D collagen I. Representative across at least 3 independent tumors.


Video 3
Control C3(1)-Tag organoids invade collectively into 3D collagen I Representative DIC timelapse of an adeno-GFP transduced C3(1)-Tag; E-cadfl/fl organoid (E-cad+) embedded in 3D collagen I. Representative across 3 independent tumors.


Video 4
E-cad deletion increases invasion and local dissemination of C3(1)-Tag organoids in 3D collagen I Representative DIC timelapse of an adeno-Cre transduced C3(1)-Tag; E-cadfl/fl organoid (mosaic E-cad-) embedded in 3D collagen I. Representative across 3 independent tumors.


Video 5
Disseminated E-cad- cells frequently undergo apoptosis Representative confocal timelapse of an E-cad- cancer cell undergoing apoptosis as it disseminates from an adeno-Cre transduced MMTV-PyMT; E-cadfl/fl organoid embedded in 3D collagen I. Representative across at least 3 independent tumors.





Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10




Rights and permissions
Reprints and permissions


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



Cite this article
Padmanaban, V., Krol, I., Suhail, Y. et al. E-cadherin is required for metastasis in multiple models of breast cancer.
                    Nature 573, 439â€“444 (2019). https://doi.org/10.1038/s41586-019-1526-3
Download citation
	Received: 05 June 2018

	Accepted: 06 August 2019

	Published: 04 September 2019

	Issue Date: 19 September 2019

	DOI: https://doi.org/10.1038/s41586-019-1526-3


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

                
                    	
                            
                                
                                    
                                        Discovery of a nitroaromatic nannocystin with potent in vivo anticancer activity against colorectal cancer by targeting AKT1
                                    
                                

                            
                                
                                    	Han Zhang
	Fei Xie
	Chang-liang Shan


                                
                                Acta Pharmacologica Sinica (2024)

                            
	
                            
                                
                                    
                                        E-cadherin interacts with EGFR resulting in hyper-activation of ERK in multiple models of breast cancer
                                    
                                

                            
                                
                                    	Gabriella C. Russo
	Ashleigh J. Crawford
	Denis Wirtz


                                
                                Oncogene (2024)

                            
	
                            
                                
                                    
                                        Engineering Î²-catenin-derived peptides for Î±-catenin binding
                                    
                                

                            
                                
                                    	S. M. Nasir Uddin
	Saad Rasool
	Kabir H. Biswas


                                
                                Emergent Materials (2024)

                            
	
                            
                                
                                    
                                        How much do we know about the metastatic process?
                                    
                                

                            
                                
                                    	Carolina Rodriguez-Tirado
	Maria Soledad Sosa


                                
                                Clinical & Experimental Metastasis (2024)

                            
	
                            
                                
                                    
                                        Key processes in tumor metastasis and therapeutic strategies with nanocarriers: a review
                                    
                                

                            
                                
                                    	Hongjie Li
	Haiqin Huang
	Jingkun Bai


                                
                                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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Survival skills ensure that cancer spreads
                

                
	Roger R. Gomis



                
    
        
            Nature
        
        News & Views
        
        
            04 Sept 2019
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    Organotypic culture assays for murine and human primary and metastatic-site tumors
                

                
	Veena Padmanaban
	Eloise M. Grasset
	Andrew J. Ewald



                
    
        
            Nature Protocols
        
        Protocol
        
        
            20 Jul 2020
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
