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            Abstract
Cancer metastasis requires that primary tumour cells evolve the capacity to intravasate into the lymphatic system or vasculature, and extravasate into and colonize secondary sites1. Others have demonstrated that individual cells within complex populations show heterogeneity in their capacity to form secondary lesions2,3,4,5. Here we develop a polyclonal mouse model of breast tumour heterogeneity, and show that distinct clones within a mixed population display specialization, for example, dominating the primary tumour, contributing to metastatic populations, or showing tropism for entering the lymphatic or vasculature systems. We correlate these stable properties to distinct gene expression profiles. Those clones that efficiently enter the vasculature express two secreted proteins, Serpine2 and Slpi, which were necessary and sufficient to program these cells for vascular mimicry. Our data indicate that these proteins not only drive the formation of extravascular networks but also ensure their perfusion by acting as anticoagulants. We propose that vascular mimicry drives the ability of some breast tumour cells to contribute to distant metastases while simultaneously satisfying a critical need of the primary tumour to be fed by the vasculature. Enforced expression of SERPINE2 and SLPI in human breast cancer cell lines also programmed them for vascular mimicry, and SERPINE2 and SLPI were overexpressed preferentially in human patients that had lung-metastatic relapse. Thus, these two secreted proteins, and the phenotype they promote, may be broadly relevant as drivers of metastatic progression in human cancer.
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                    Figure 1: Clonal analysis of 4T1 transplantation by molecular barcoding.[image: ]


Figure 2: Focused analysis of a subset of 4T1 clones throughout metastatic disease progression.[image: ]


Figure 3: Serpine2 and Slpi are regulators of intravasation into the cardiovascular system.[image: ]


Figure 4: Vascular mimicry drives metastatic progression.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Overview of vector plasmids and clonal abundances in the primary tumour and secondary sites after 4T1 transplantation.
a, Schematic of the retroviral barcode vector (used for Figs 1, 2d, 4e and Extended Data Fig. 8f). b, Schematic of the lentiviral barcode vector (used for Fig. 2a–c). c, Schematic of the retroviral shRNA vector used for single gene knockdown. d, Schematic of the tandem retroviral shRNA vector used for double gene knockdown. e, Schematic of the retroviral cDNA vector used for gene overexpression. f, Distribution of clone abundances in the primary tumours and secondary sites for the 4T1 clones that engrafted and contributed to tumour formation in all five animals after orthotopic injection. g, Overlap of abundant clones in the primary tumour, lymph nodes, blood and in all blood-borne metastases (BBM: lung, liver and brain) (P < 0.001, hypergeometric test). h, Overlap of the abundant clones in the lymph nodes, liver, lung and brain.


Extended Data Figure 2 Morphology and proliferation rates of all clonal lines grown.
Microscopic phase-contrast images of the 23 clonal lines discussed in Figs 2, 3, 4. Doubling times (DT), as calculated over a 3-day period, are colour-coded in the image borders. Original magnification, ×10.


Extended Data Figure 3 Tumour growth and metastases rates for individually injected clones and clonal composition of intracardiacally injected pool.
a, Primary tumour volumes resulting from orthotopically injected individual clonal cell lines. Measurements were taken 14 and 24 days after injection (n = 4 mice). For comparison, the clonal composition of the primary tumour when the pool of clones is injected orthotopically is shown below. b, The percentage of lung metastatic burden for the animals discussed in a 24 days after injection (n = 4 mice). For comparison, the clonal composition of the lung when the pool of clones is injected orthotopically is shown below. c, A comparison of the clonal composition of CTCs and lung metastases when the pool of 23 clonal lines was orthotopically injected (data from Fig. 2c) versus injected into the left cardiac ventricle of mice (n = 10 mice for orthotopic injections and n = 8 mice for intracardiac injections). d, Clonal compositions of the primary tumours, CTCs and lung metastases analysed in Fig. 2d. e, Clonal composition of CTCs and lung metastases after orthotopic injection when the individual clones were frozen down 3–5 times and cultured for a week each time (n = 5 mice). For all bar graphs, error bars extend to the values q3 + w(q3 − q1), and q1 − w(q3 − q1), in which w is 1.5 and q1 and q3 are the twenty-fifth and seventy-fifth percentiles.


Extended Data Figure 4 SERPINE2 and SLPI expression in human patients and Serpine2 and Slpi shRNAs abundances in lung and CTCs after orthotopic and intracardiac injection.
a, Analysis of Serpine2 and Slpi human orthologues SERPINE2 and SLPI, respectively in basal, Her2 or claudin-low breast cancer patients with no relapse as compared to patients with relapse in the lung (P < 0.005, Wilcoxon rank-sum, n indicated in figure). b, A non-targeting shRNA and two targeting each of Serpine2 and Slpi were infected separately into 4T1-T cells. After selection, the separately infected cells were pooled in equal amounts with the remaining 22 clonal lines and orthotopically injected into mice. The proportions of shRNAs shown are that of the CTCs and lung metastases in comparison to those in the primary tumour (P < 0.01, Wilcoxon rank-sum, n = 10 mice). c, 4T1-T cells were infected with a non-targeting shRNA or shRNAs targeting Serpine2 or Slpi. The shRNAs were cotained in a vector that constitutively expressed mCherry. The infected cells were then pooled with the other 22 clones and injected orthotopically (n = 10 mice). Shown are representative images of the resultant mCherry positive lung metastatic nodules. d, Quantification of all mCherry positive metastatic lung nodules in all mice (P < 0.01, Wilcoxon rank-sum, n = 10 mice). e, 4T1-parental cells were infected with a non-targeting shRNA or shRNAs targeting Serpine2 or Slpi. In each case the cells were then orthotopically injected into mice. Shown are representative images of haematoxylin-and-eosin-stained lung sections (n = 10 mice). f, Quantification of lung metastatic nodules in all haematoxylin-and-eosin-stained sections described in e (P < 0.01 and P < 0.005 for single- and double-knockdowns, respectively, Wilcoxon rank-sum, n = 10 mice). For all box plots, the edges of the box are the twenty-fifth and seventy-fifth percentiles. The error bars extend to the values q3 + w(q3 − q1), and q1 − w(q3 − q1), in which w is 1.5 and q1 and q3 are the twenty-fifth and seventy-fifth percentiles.


Extended Data Figure 5 Leakiness index of clonal cell lines.
a, DAPI and dextran Alexa 647 (+ dextran inverted)-stained tumour sections from orthotopic tumours derived from parental-4T1, 4T1-L and 4T1-T cells. b, Leakiness index of primary tumours resulting from orthotopic injection of parental-4T1, 4T1-L and 4T1-T cells (P < 0.05, Wilcoxon rank-sum, n = 15 mice). c, The leakiness index of primary tumours derived from 4T1-T cells that have been infected with either a non-targeting shRNA or an shRNA targeting Serpine2 or Slpi (P < 0.03, Wilcoxon rank-sum, n = 18 mice). For all box plots, the edges of the box are the twenty-fifth and seventy-fifth percentiles. The error bars extend to the values q3 + w(q3 − q1), and q1 − w(q3 − q1), in which w is 1.5 and q1 and q3 are the twenty-fifth and seventy-fifth percentiles.


Extended Data Figure 6 Vascular mimicry in 4T1-T and pooled primary tumours.
a, PAS/CD31 (left) and PAS/mCherry (right) staining of serially sectioned 4T1-T derived primary tumours, where the tumour cells constitutively express an empty vector or mCherry. Orange arrows indicate CD31+ endothelial blood vessels and blue arrows show PAS+/CD31− channels. The purple arrows indicate mCherry-positive tumour cells adjacent to PAS+ channels (green scale bars = 100 μm, grey scale bars = 50 μm). b, PAS/CD31 (left) and PAS/mCherry (right) staining of serially sectioned primary tumours resulting from orthotopic injection of a pool of the 23 clones, in which the 4T1-T clonal line constitutively expresses mCherry. Orange arrows indicate CD31+ endothelial blood vessels and blue arrows show PAS+/CD31− channels. The purple arrows indicate mCherry-positive tumour cells adjacent to PAS+ channels (green scale bars = 100 μm, grey scale bars = 50 μm).


Extended Data Figure 7 Overexpression of Serpine2 and Slpi in parental 4T1 and clonal cell lines.
a, Images of HUVECs, parental 4T1, 4T1-L, 4T1-I, 4T1-E and 4T1-T cells grown on Matrigel to assess tube formation ability. b, Number of tubular structures identified per ×5 microscopic field when 4T1-T cells had been infected with a non-targeting shRNA or shRNAs targeting Serpine2 or Slpi and grown on Matrigel (P < 0.0002, Wilcoxon rank-sum, n = 8 fields). c, Number of tubular structures identified per ×5 microscopic image when non-intravasating 4T1 clonal lines had been infected with an empty retroviral vector or vectors for overexpression of Serpine2 or Slpi (P < 0.03, Wilcoxon rank-sum, with the exception of 4T1-B overexpressing Slpi, n = 4 fields). d, Relative CTC proportions of the cells described in c after they had been pooled with the remaining clonal lines and orthotopically injected (P < 0.05, Wilcoxon rank-sum, with the exception of 4T1-F and 4T1-B Slpi, n = 10 mice). e, PAS+/CD31− channels in primary tumours resulting from orthotopic injection of parental 4T1 cells infected with an empty retroviral vector or vectors for overexpression of Serpine2 or Slpi (P < 0.01, Wilcoxon rank-sum, n = 10 fields). f, Quantification of the number of lung metastatic nodules resulting from the tumours described in e after 18 days (n = 4 mice). g, Quantification of the number of lung metastatic nodules resulting from the tumours described in e after 24 days (P < 0.05, Friedman, n = 10 mice). For all box plots, the edges of the box are the twenty-fifth and seventy-fifth percentiles. The error bars extend to the values q3 + w(q3 − q1), and q1 − w(q3 − q1), in which w is 1.5 and q1 and q3 are the twenty-fifth and seventy-fifth percentiles.


Extended Data Figure 8 Overexpression of SERPINE2 and SLPI in human breast cancer cell lines.
a, MDA-MB-231 cells infected with an empty overexpression vector plated on Matrigel (top) and MDA-MB-231 cells overexpressing SERPINE2 (NM_0016216) plated on Matrigel (bottom). b, Full quantification of tubular structures in basal cell lines MDA-MB-231 and MDA-MB-436 when infected with an empty overexpression vector or when infected with vectors for overexpressing SERPINE2 or SLPI (P < 0.05, Friedman test, for SERPINE2 isoform NM_0016216 and SLPI, n = 4 fields). c, Quantification of CD31−/PAS+ channels in MDA-MB-436-derived primary tumours cells that have been infected with an empty retroviral vector or vectors for overexpression of SERPINE2 or SLPI (P < 0.002, Wilcoxon rank-sum, for SERPINE2 isoform NM_001136528 and SLPI, n = 20 fields for empty, SERPINE2 NM_001136528 and NM_0016216 and n = 25 fields for SLPI). d, The percentage of lung metastatic burden after orthotopic injection of MDA-MB-231 cells that have been infected with an empty retroviral vector or vectors for overexpression of SERPINE2 or SLPI (P < 0.05, Wilcoxon rank-sum, n = 9 mice). e, Quantification of the number of lung metastatic nodules after orthotopic injection of MDA-MB-436 cells that have been infected with an empty retroviral vector or vectors for overexpression of SERPINE2 or SLPI (Wilcoxon rank-sum P < 0.05 for SERPINE2 isoform NM_001136528 and SLPI, n = 9 mice). f, Sub-clonal analysis of MDA-MB-436 cells that have been infected with an empty retroviral vector or vectors for overexpression of SERPINE2 or SLPI. Each cell line was infected with a barcode library and then the number of clones were quantified in the primary tumour, cardiovascular CTCs and lung metastatic cells (P < 0.02, Wilcoxon rank-sum, for SERPINE2 isoform NM_001136528 and SLPI in CTCs and lung metastasis, n = 5 mice). For all box plots, the edges of the box are the twenty-fifth and seventy-fifth percentiles. The error bars extend to the values q3 + w(q3 − q1) and q1 − w(q3 − q1), where w is 1.5 and q1 and q3 are the twenty-fifth and seventy-fifth percentiles.


Extended Data Figure 9 Effect of warfarin on leakiness, metastasis and clonal abundance.
a, Levels of prothrombin fragments F1 and F2 (active component of blood coagulation), as quantified by ELISA, after administration of warfarin in the drinking water of mice (P < 0.01, Wilcoxon rank-sum, n = 4 mice). b, DAPI and dextran Alexa 647 staining to visualize vascular leakage in primary tumours derived from the pool of 23 clonal lines. Animals were administered drinking water either with or without 10 mg ml−1warfarin. c, Leakiness index of primary tumours resulting from orthotopic injection of the pool of 23 clonal lines. After injection mice were administered drinking water with no warfarin or water containing 10 mg ml−1 warfarin (P < 0.000005, Wilcoxon rank-sum, n = 10 mice). d, Counts of lung metastatic nodules in animals that were injected intravenously with the pool of 23 clonal lines administered drinking water with no warfarin or water containing 10 mg ml−1 of warfarin (P < 0.05, Wilcoxon rank-sum, n = 10 mice). e, The pool of 23 clonal lines was injected orthotopically and the mice administered drinking water with no warfarin or 10 mg ml−1 warfarin. The percentage abundance of each clone in the cardiovascular CTCs of animals (either pre- or post-injection, P < 0.002, n = 7 mice for no warfarin, n = 7 mice for pre-injection and n = 5 mice for post-injection). f, The clone proportions in the resultant primary tumours and lung metastases described in (e) (P < 0.003, Wilcoxon rank-sum, for lung metastases, n = 7 mice for no warfarin, n = 7 mice for pre-injection and n = 5 mice for post-injection). For all box plots, the edges of the box are the twenty-fifth and seventy-fifth percentiles. The error bars extend to the values q3 + w(q3 − q1), and q1 − w(q3 − q1), in which w is 1.5 and q1 and q3 are the twenty-fifth and seventy-fifth percentiles.
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        Editorial Summary
Metastasis driven by vascular mimicry
Using a mouse model of tumour heterogeneity that can be perturbed genetically to validate drivers of specific clonal behaviours, Elvin Wagenblast et al. demonstrate that different clones of a mammary tumour cell lines possess different abilities to contribute to the formation of metastasis. The expression of Serpine2 and Slpi proteins correlates with lung metastasis, and similar associations were observed in human datasets. Serpine2 and Slpi act as anticoagulants and also allow tumour cells to undergo vascular mimicry, whereby the tumour cells themselves form part of blood vessels and contribute to increased intravasation by building more leaky blood vessels.
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