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            Abstract
Metastasis is the leading cause of cancer-related death in humans. It is a complex multistep process during which individual tumour cells spread primarily through the circulatory system to colonize distant organs1,2,3. Once in the circulation, tumour cells remain vulnerable, and their metastatic potential largely depends on a rapid and efficient way to escape from the blood stream by passing the endothelial barrier4,5,6,7,8,9. Evidence has been provided that tumour cell extravasation resembles leukocyte transendothelial migration7,8,9. However, it remains unclear how tumour cells interact with endothelial cells during extravasation and how these processes are regulated on a molecular level. Here we show that human and murine tumour cells induce programmed necrosis (necroptosis) of endothelial cells, which promotes tumour cell extravasation and metastasis. Treatment of mice with the receptor-interacting serine/threonine-protein kinase 1 (RIPK1)-inhibitor necrostatin-1 or endothelial-cell-specific deletion of RIPK3 reduced tumour-cell-induced endothelial necroptosis, tumour cell extravasation and metastasis. In contrast, pharmacological caspase inhibition or endothelial-cell-specific loss of caspase-8 promoted these processes. We furthermore show in vitro and in vivo that tumour-cell-induced endothelial necroptosis leading to extravasation and metastasis requires amyloid precursor protein expressed by tumour cells and its receptor, death receptor 6 (DR6), on endothelial cells as the primary mediators of these effects. Our data identify a new mechanism underlying tumour cell extravasation and metastasis, and suggest endothelial DR6-mediated necroptotic signalling pathways as targets for anti-metastatic therapies.
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                    Figure 1: TC-induced endothelial necroptosis promotes TC transendothelial migration.[image: ]


Figure 2: TC-induced EC necroptosis and metastasis require endothelial RIPK3.[image: ]


Figure 3: DR6 mediates TC-induced endothelial necroptosis and metastasis formation.[image: ]


Figure 4: APP expressed by TCs induces endothelial necroptosis and promotes metastasis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 TCs induce necroptosis in ECs.
a, Criteria for the discrimination of apoptotic and necrotic EC death. Fluorescent images of HUVECs cultured under conditions to induce apoptosis (TRAIL, Staurosporine) or to induce necrosis (H2O2, hypoxia (1% O2)) and stained with Hoechst 33342 (blue) and the membrane-impermeable dye ethidium homodimer III (EthD-III, red). Asterisks indicate apoptotic ECs (condensed, fragmented nuclei, EthD-III-negative); closed arrowheads indicate necrotic ECs (normal nuclei, EthD-III-positive). Late apoptotic cells are indicated by open arrowheads (condensed/fragmented nuclei, EthD-III-positive); scale bar, 5 μm. b, c, No annexin-V-positive cells were detected in HUVECs cultured in the presence of TCs (MDA-MB-231). Stimulation with TNF-α served as positive control; scale bar, 20 μm. d, Fluorescent images of L929 cells stimulated with TNF-α to induce programmed necrosis (necroptosis, arrowheads). This effect was reversed when cells were additionally cultured with the RIPK1 inhibitor necrostatin-1 (Nec-1); scale bar, 10 μm. e, Effect of freshly isolated PBMCs on EC necrosis either directly or in the presence of MDA-MB-231 TCs. PBMCs contained 20 times the amount of platelets (that is, 3 × 104, 9 × 104 or 3 × 105 platelets). f–h, Quantification of necrosis in HMVEC-L (f), in freshly isolated primary mouse lung ECs (prim. MLEC) (g) or in HUVEC (h) cultured in the presence of different human and mouse TCs (TCs) and at different concentrations as indicated. i, Representative confocal images of HUVEC cultured in the absence of TCs (-TC) or presence of TCs (+TC, green) and stained as indicated; scale bar, 5 μm. Quantification of EthD-III- and phospho (p)-MLKL-double-positive ECs (more than 50 EthDIII-positive cells were analysed). j, k, Analysis of knockdown efficiencies in HUVEC by western blot for RIPK3 and caspase-8 (j) or by quantitative RT–PCR for MLKL (k). α-Tubulin served as loading control in j and relative mRNA expression levels normalized to GAPDH and to the level detected in scramble siRNA-treated samples (siCTRL) are shown in k. Shown are representative data of two (c, g) or three (e, f, h) independent experiments with mean values ± s.e.m. from biological sextuplicates (n = 6). *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant. One-way ANOVA and Bonferroni’s post hoc test (c, e, g, h) or unpaired, two-tailed Student’s t-test (f). For gel source data see Supplementary Fig. 1.


Extended Data Figure 2 TCs induce necroptosis in ECs in vivo.
a, Quantitative evaluation of cleaved caspase-3- and EthD-III-positive cells in lungs of C57BL/6 WT animals at the indicated time points after i.v. injection of B16 TCs on the basis of the analysis of confocal microscopy images as shown in main Fig. 2a, b. TCs were injected at the same time and lung isolation occurred at the indicated time points. Injection of PBS served as control. b, Quantification of EthD-III-positive ECs in lungs of WT animals 6 h after i.v. injection of B16 or LLC1 TCs. c–e, Representative confocal images of lung sections taken 6 h after i.v. injection of B16 or LLC1 TCs (c, d) or injection of equal amounts of fluorescently labelled 15 μm microspheres (e) into WT animals and stained for the indicated markers. Arrowheads in c indicate EthD-III-positive cells. Isolated lungs from animals cultured ex vivo in the presence of staurosporine served as positive controls in d. Scale bar, 20 μm. Shown are representative data of two (a) or three (b) independent experiments with mean values ± s.e.m. from n = 3 animals per time point (a) or n = 6 animals per group (b). **P < 0.01; ***P < 0.001. One-way ANOVA and Bonferroni’s post hoc test.


Extended Data Figure 3 Targeting strategy for the generation of mice with loxP-flanked (floxed (fl)) Ripk3 allele.
a, Targeting scheme for the generation of floxed RIPK3 including 3′ Southern screening for the identification of positive ES cell clones and 3′ and 5′ Southern blot confirmation of heterozygous and homozygous floxed Ripk3 alleles, respectively. b, Western blot analysis of RIPK3 and VE-cadherin (VE-Cad) in primary ECs isolated from lungs (MLEC) of tamoxifen-treated Tie2-CreERT2;RIPK3loxP/loxP animals (RIPK3ECKO). Cre-negative littermates served as control. α-tubulin served as loading control. c, Quantification of Evans blue permeability in the lungs of RIPK3ECKO animals. d, Quantification of transmigrated B16 or LLC1 TCs over a layer of DMSO- or 4-OH-tamoxifen-treated primary MLEC isolated from uninduced Tie2-CreERT2;RIPK3loxP/loxP animals or Cre-negative control littermates. e, f, Quantification of lung metastases 12 d after i.v. injection (e) or 27 d after excision of a primary tumour induced by s.c. injection (f) of B16 or LLC1 TCs into RIPK3ECKO animals. Cre-negative littermates served as control. No significant differences in primary tumour growth were observed (data not shown). Shown are representative data of three (c–e) or two (f) independent experiments with mean values ± s.d. from n = 3 (c) or n = 6 (e) animals per group or from n = 11 (B16, control), n = 6 (B16, RIPK3ECKO), n = 8 (LLC1, control) and n = 6 (LLC1, RIPK3ECKO) animals (f) or n = 6 wells per condition (d). *P < 0.05; **P < 0.01; n.s., not significant. Unpaired, two-tailed Student’s t-test (c, e, f) or one-way ANOVA and Bonferroni’s post hoc test (d). For gel source data see Supplementary Fig. 1.


Extended Data Figure 4 Reduced TC-induced endothelial necroptosis and metastasis in MLKL−/− mice.
a, A TALEN pair targeting the indicated sequences in the second exon of the mouse Mlkl gene was cloned and transcribed into mRNA. b, Analysis of mice born after mRNA injection into fertilized oocyte injection by PCR for exon 2 (top) and subsequent sequence specific endonuclease assay (T7EI, bottom) for the detection of mutant alleles. DNA from C57BL/6 (WT) or TALEN-transfected cells (mut) served as control. c, The mutant allele of mouse 64 was further analysed using Sanger sequencing revealing a 8 bp deletion (Δ8), predicted to generate a premature stop codon. d, Spleen and lung extracts of three B6D2F1 MLKL+/+ WT and three homozygous MLKL mutant mice (MLKL−/−) were probed for Mlkl protein expression. Polyclonal MLKL antibody detected Mlkl protein only in WT extracts but also an additional non-specific band of similar size. e–i, B6D2F1 MLKL+/+ WT or MLKL−/− animals were injected i.v. with B16 TCs and lungs were analysed after 6 h for pulmonary EthD-III-positive ECs (f) and extravascular TCs (g) or after 12 d for lung metastases (i). Representative confocal images of lung sections and images of whole lungs are shown in (e, h); scale bar, 50 μm. Shown are representative data of two independent experiments with mean values ± s.e.m. (f, g) or ± s.d. (i) from n = 3 animals per condition (f, g) or n = 8 (MLKL+/+) and n = 11 (MLKL−/−) animals (i). **P < 0.01; ***P < 0.001. Unpaired, two-tailed Student’s t-test. For gel source data see Supplementary Figs 1 and 2.


Extended Data Figure 5 Effect of Nec-1 and Nec-1s treatment on metastasis formation.
a–c, Effect of Nec-1 (30 μM) on B16 TC proliferation (a), viability (b) and migration (c). d, Representative confocal images of lung sections taken 6 h and images of whole lungs taken 12 d after i.v. injection of B16 TCs into WT animals treated with DMSO (control) or Nec-1; scale bar, 50 μm. e, f, Lung metastases 12 d after i.v. injection of LLC1 TCs into WT animals treated with Nec-1 (e) or B16 TCs injected into WT animals treated with stable Nec-1s (f). DMSO served as control. g, h, Human MDA-MB-231 TCs were injected i.v. into Nec-1 treated immunodeficient SCID mice and pulmonary EthD-III-positive endothelial and lung metastases were analysed after 6 h and 12d, respectively. Arrowheads in the H&E-stained lung sections (h) indicate metastases; scale bar, 50 μm. In all metastasis experiments, animals were treated with Nec-1 or Nec-1s shortly before and at 3 h after TC injection (plus at 6 h for the 12 d experiment). Shown are representative data of three (a–c, e, g) or two (f, h) independent experiments with mean values ± s.e.m. (a, b, g) or ± s.d. (c, e, f, h) from biological sextuplicates (n = 6) (a, b), triplicates (n = 3) (c) or from n = 3 (g) or n = 6 animals per condition (e, f, h). *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant. Unpaired, two-tailed Student’s t-test (a–c, e, f, h) or one-way ANOVA and Bonferroni’s post hoc test (g).


Extended Data Figure 6 Effects of zVAD treatment and EC-specific loss of caspase–8 on metastasis formation.
a, Western blot analysis of uncleaved caspase-8 (Casp8) and VE-cadherin (VE-Cad) in primary MLECs of tamoxifen-treated Tie2-CreERT2;Casp8loxP/loxP animals (Casp8ECKO). b, Quantification of Evans blue permeability in the lungs of Casp8ECKO animals. c, Quantification of transmigrated B16 or LLC1 TCs over a layer of DMSO- or 4-OH-tamoxifen-treated primary MLEC from uninduced Tie2-CreERT2;Casp8loxP/loxP animals or Cre-negative control littermates. d, e, Quantification of lung metastases 12 d after i.v. injection (d) or 27 d after excision of a primary tumour induced by s.c. injection (e) of B16 or LLC1 TCs into Casp8ECKO animals. Cre-negative littermates served as control. No significant differences in primary tumour growth were observed (data not shown). f–h, Effect of z-VAD-fmk (zVAD, 100 μM) on B16 TC proliferation (f), viability (g) and migration (h). i, Representative confocal images of lung sections taken 6 h and images of whole lungs taken 12 d after i.v. injection of B16 TCs into WT animals treated with DMSO (control) or zVAD shortly before and at 3 h after TC injection (plus at 6 h for the 12 d experiment); scale bar, 50 μm. Shown are representative data of two (b, c, e) or three (d, f–h) independent experiments with mean values ± s.d. (b–e, h) or ± s.e.m. (f, g) from n = 3 (b) or n = 5 (d) animals per group or from n = 11 (B16, control), n = 7 (B16, Casp8ECKO), n = 8 (LLC1, control) and n = = 6 (LLC1, Casp8ECKO) animals (e) or from biological sextuplicates (n = 6) (c, f, g) or triplicates (n = 3) (h). *P < 0.05; ***P < 0.001; n.s., not significant. Unpaired, two-tailed Student’s t-test (b, d–h) or one-way ANOVA and Bonferroni’s post hoc test (c). For gel source data see Supplementary Fig. 1.


Extended Data Figure 7 DR6 is expressed in ECs, and DR6 expressed in immune cells is not involved in TC metastasis.
a, Western blot analysis of lysates from HUVECs transfected with scrambled siRNA (siCTRL) or different sets of siRNAs directed against mRNA encoding DR6 (siDR6). The antibody detects the 90 kDa glycosylated form of DR6. α-tubulin served as loading control. b, Expression levels of DR6 in different human or mouse ECs as determined by quantitative PCR. Shown are relative expression levels normalized to GAPDH levels. c, Confocal images of human tissues of the indicated origin stained for CD31 (red), DR6 (green) and cell nuclei (DAPI, blue) (left panel). Control-IgG antibody and donkey anti-rabbit secondary antibody coupled to AF488 served as negative controls (right panels); scale bar, 5 μm. d, Analysis of HUVEC single-cell gene expression for DR6 as determined by the 2LoDct-ct method and normalized to the cell with the highest expression level (100%). Each bar represents the gene expression level of one individual cell (data of a total of 80 cells analysed are shown). Single-cell analysis revealed that less than 10% of ECs express DR6. e–j, Irradiated DR6+/+ or DR6−/− animals were reconstituted with bone marrow cells from DR6+/+ or DR6−/− donor animals, respectively (DR6+/+ → DR6+/+, DR6−/− → DR6+/+ or DR6+/+ → DR6−/−) and quantitative PCR analysis of DR6 expression in PBMCs was performed (e) or bone marrow chimaeras as indicated were injected i.v. with B16 TCs and lungs were analysed after 6 h for pulmonary EthD-III-positive ECs (g) and extravascular TCs (h) or after 12 d for lung metastases (j). f, i, Representative confocal images of lung sections stained for the indicated markers (f) and images of whole lungs (i); scale bar, 50 μm. Shown are representative data of two independent experiments with mean values ± s.d. (e, j) or ± s.e.m. (g, h) from n = 3 (e) or n = 4 (g, h) animals per condition or n = 6 (DR6+/+ → DR6+/+), n = 4 (DR6−/− → DR6+/+) and n = 5 (DR6+/+ → DR6−/−) animals (j). **P < 0.01; n.s., not significant. One-way ANOVA and Bonferroni’s post hoc test. For gel source data see Supplementary Fig. 1.


Extended Data Figure 8 Effects of anti-DR6 antibody and DR6-Fc on tumour metastasis.
a–i, Quantification of MDA-MB-231 TC-induced EC necroptosis (a, c, g), transmigrated TCs over an endothelial layer (b, e, h), B16 TC-induced EC necroptosis after i.v. injection into C57BL/6 WT animals (d) or lung metastases 12 d after i.v. injection of LLC1 TCs into WT animals (f, i) upon treatment with an anti-DR6 antibody (5D10) (a, b, f), etanercept (c–e) or the extracellular domain of DR6 fused to DR6 (DR6-Fc) (g–j). Animals were treated shortly before and 3 h after TC injection (d) as well as 6 h after TC injection (f, i). PBS, an IgG1 antibody or the Fc domain of IgG1 or IgG2A (IgG1-Fc, IgG2A-Fc) served as controls. g, Representative confocal images of lung sections taken 6 h and images of whole lungs taken 12 d after i.v. injection of B16 TCs into WT animals treated with IgG2A-Fc (control) or DR6-Fc shortly before and at 3 h after TC injection (plus at 6 h for the 12 d experiment); scale bar, 50 μm. Shown are representative data of three independent experiments with mean values ± s.e.m. (a–e, g, h) or ± s.d. (f, i) from biological sextuplicates (n = 6) (a–c, e, g, h) or from n = 3 (d) or n = 4 (f, i) animals per group. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant. Two-way ANOVA and Bonferroni’s post hoc test (a–d, g, h) or unpaired, two-tailed Student’s t-test (e, f, i).


Extended Data Figure 9 APP is expressed in different murine and human TCs.
a, Expression levels of APP in different human and mouse TCs as determined by quantitative PCR. Shown are relative expression levels normalized to GAPDH levels. b, MDA-MB-231 single-cell gene expression analysis for APP as determined by the 2LoDct-ct method and normalized to the cell with the highest expression level (100%). Each bar represents the gene expression level of one individual cell (data of a total of 78 cells analysed are shown). Single-cell analysis revealed that all TCs express APP. c, Analysis of knockdown efficiency in MDA-MB-231 TCs using different siRNAs against APP (siAPP). Shown is the relative mRNA expression normalized to GAPDH levels and to the level detected in scramble siRNA-treated samples (siCTRL). d, Quantification of EC necroptosis in HUVECs cultured in the presence of MDA-MB-231 TCs (direct contact) or exposed to the supernatant of TC–EC co-cultures after 18 h of culture (condit. medium). e, Western blot analysis of cell lysates or conditioned media (supernat.) of parental HEK293T (HEK) cells, HEK cells stably expressing membrane-bound full-length APP695 (HEKAPP), mock-transfected COS-1 cells (COS-1) or COS-1 cells transiently expressing membrane-bound full-length APP695 (COS-1APP) or soluble APPsα (COS-1APPsα). Note that secreted APPsα from COS-1 cells (supernat.) compared with APPsα found in the corresponding cell lysates is glycosylated and thus runs at higher molecular mass. Anti-APP (22C11) was used to detect APP. Membranes were cut to detect β-tubulin as loading control. Shown are representative data of three independent experiments with mean values ± s.e.m. from biological sextuplicates (n = 6). **P < 0.01; ***P < 0.001. Two-way ANOVA and Bonferroni’s post hoc test. For gel source data see Supplementary Fig. 1.


Extended Data Figure 10 Effects of loss of APP on TCs and on metastasis formation.
a, Analysis of knockdown efficiency in B16 and LLC1 TCs using different siRNAs against mRNA encoding APP (siAPP). Shown is the relative mRNA expression normalized to GAPDH levels and to the level detected in scramble siRNA-treated samples (siCTRL). b–d, Knockdown of APP in B16 or LLC1 TCs (B16siAPP and LLC1siAPP) and evaluation of cell proliferation (b), viability (c) and migration (d). e, f, Evaluation of APP-deficient TC-induced EC death in vitro in C57BL/6 WT primary MLECs (e) and the ability of APP-deficient TCs to migrate over an endothelial layer (f). g, Quantification of lung metastases 12 d after i.v. injection of LLC1 TCs with silenced APP expression (LLC1siAPP) into WT animals. Shown are representative data of three independent experiments with mean values ± s.e.m. (b, c, e) or ± s.d. (d, f, g) from biological sextuplicates (n = 6) (b, c, e, f), triplicates (n = 3) (d) or from n = 5 animals per condition (g). *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant. Unpaired, two-tailed Student’s t-test (b, c, f) or one-way ANOVA and Bonferroni’s post hoc test (e, g). h, Model: TCs induce RIPK1/RIPK3/MLKL-dependent necroptosis in ECs via APP-DR6. TCs then may directly pass through the emerging gap after EC death. Alternatively, or in parallel, damage-associated molecular pattern molecules (DAMPs) released from necroptotic ECs could act on TCs and/or non-necroptotic endothelial as well as other cells to promote TC extravasation and metastasis.
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Morphological criteria for the distinction between living, apoptotic and necrotic endothelial cells
Time lapse imaging of HUVEC cultured in the presence of PBS (control) or in the presence of H2O2 (1 mM) to induce necrosis or TNFα (100 ng/ml) to induce apoptosis. Cell nuclei were stained with Hoechst33342 (blue). Nuclei of necrotic cells stained positive for the membrane-impermeant nuclear dye EthD-III (red). Living cells appear with normal round to kidney-shaped nuclei and are negative for EthD-III. Necrotic cells appear with normal round to kidney-shaped nuclei or with minor degrees of nuclear shrinkage (no condensation and no fragmentation) and are positive for EthD-III. Apoptotic cells appear with strong condensed and frequently fragmented nuclei and are negative for EthD-III. No late apoptotic cells are shown in the videos. (MP4 2867 kb)
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