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            Abstract
Cutaneous melanoma is a type of cancer with an inherent potential for lymph node colonization, which is generally preceded by neolymphangiogenesis1,2,3. However, sentinel lymph node removal does not necessarily extend the overall survival of patients with melanoma4,5. Moreover, lymphatic vessels collapse and become dysfunctional as melanomas progress6,7. Therefore, it is unclear whether (and how) lymphangiogenesis contributes to visceral metastasis. Soluble and vesicle-associated proteins secreted by tumours and/or their stroma have been proposed to condition pre-metastatic sites in patients with melanoma8,9,10,11,12,13,14. Still, the identities and prognostic value of lymphangiogenic mediators remain unclear2,14. Moreover, our understanding of lymphangiogenesis (in melanomas and other tumour types) is limited by the paucity of mouse models for live imaging of distal pre-metastatic niches15. Injectable lymphatic tracers have been developed7, but their limited diffusion precludes whole-body imaging at visceral sites16. Vascular endothelial growth factor receptor 3 (VEGFR3) is an attractive ‘lymphoreporter’17 because its expression is strongly downregulated in normal adult lymphatic endothelial cells, but is activated in pathological situations such as inflammation and cancer17,18. Here, we exploit this inducibility of VEGFR3 to engineer mouse melanoma models for whole-body imaging of metastasis generated by human cells, clinical biopsies or endogenously deregulated oncogenic pathways. This strategy revealed early induction of distal pre-metastatic niches uncoupled from lymphangiogenesis at primary lesions. Analyses of the melanoma secretome and validation in clinical specimens showed that the heparin-binding factor midkine is a systemic inducer of neo-lymphangiogenesis that defines patient prognosis. This role of midkine was linked to a paracrine activation of the mTOR pathway in lymphatic endothelial cells. These data support the use of VEGFR3 reporter mice as a ‘MetAlert’ discovery platform for drivers and inhibitors of metastasis.
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                    Figure 1: Vegfr3Luc reporter mice for whole-body analysis of benign and malignant melanocytic lesions.


Figure 2: Vegfr3Luc mice reveal pre-metastatic niches.


Figure 3: Proteomic analyses identify MDK as new pro-lymphangiogenic and pro-metastatic factor.


Figure 4: MDK activates the mTOR pathway and is an indicator of poor prognosis in melanoma.
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Extended data figures and tables

Extended Data Figure 1 Non-invasive imaging of neolymphangiogenesis in Vegfr3Luc reporter mice.
a, qRT–PCR analysis of VEGFC mRNA levels in the indicated melanoma cell lines. Graphs show mean ± s.d. of three biological replicates. Data were normalized to mRNA levels in the poorly metastatic WM164 cell line. b, Immunostaining for VEGFC (pink) in xenografts of the indicated melanoma cell lines. c, Histological staining of Lyve1 (brown) in lymph nodes with low or high V3-Luc emission. d, Costaining of VEGFR3 (green) and Lyve1 LEC (brown) in the spleens of mice identified as low and high V3-Luc emitters in vivo. e, Lung metastases in mice as in Fig. 1c imaged by immunofluorescence for the detection of VEGFR3 (green) and melanoma cells (red).

                          Source data
                        


Extended Data Figure 2 Assessment of metastatic potential of melanoma cell lines in Vegfr3Luc mice.
a, b, Tumour-associated bioluminiscence driven by subcutaneous implantation of the indicated cell lines (labelled with mCherry) in Vegfr3Luc nu/nu mice, with images centred on the tumour (a) or showing the lateral flank of the mice to visualize sentinel-inguinal and brachial lymph nodes, as well as signal from spleen, liver and lung (b). Four main patterns (I–IV) of V3-Luc emission are shown. Red lines mark the tumour area as detected by mCherry emission (data not shown). Detection of the lymphatic marker Lyve1 in histological sections of sentinel lymph nodes from mice with xenografts generated as in a and killed when primary tumours reached 1,500 mm3. d, Tumour-positive lymph nodes (sentinel, brachial and axillar) in mice bearing xenografts of the indicated cell lines. e, Relative V3-Luc signal in subcutaneous xenografts generated by the indicated cell lines. f, Average signal in sentinel and brachial lymph nodes. Data are mean ± s.e. (minimum 6 mice per condition, 24 lymph nodes per cell line). Cell lines labelled in green in a–f express detectable VEGFC mRNA as summarized in Fig. 1a.

                          Source data
                        


Extended Data Figure 3 Whole-body analysis of neolymphangiogenesis induced in immunodeficient and immunocompetent GEMM.
a, Imaging of luciferase induction by a PDX isolated from a skin melanoma metastasis and implanted in Vegfr3Luc nu/nu mice. Mice were imaged at different time points to show V3-Luc induced at distal lymph nodes before detection of V3-Luc at the subcutaneous lesion. Dashed red lines mark tumour area. b, Quantification of the luciferase signal in tumour, lymph node (sentinel and brachial), spleen, liver and lung, at the defined average tumour sizes indicated in the x-axis (visualized with a dotted red line for simplicity). Specific tumour volumes are indicated in the right y-axis. Bioluminescence data correspond to mean ± s.d. (4 mice per condition, 16 lymph nodes per PDX). Statistical analysis: t-test. c, Comparative imaging of V3-Luc emission induced by benign nevi and cutaneous melanomas generated in Tyr::CreERT2-inducible BrafV600E and BrafV600E; Ptenlox/lox mice, respectively (black coat background), imaged 4 weeks after topical administration of 4-OH-tamoxifen. Arrows mark systemic activation of luciferase. Bottom, quantification of luciferase signal in tumour, sentinel and brachial lymph nodes, spleen, liver and lung. Units: p s−1 cm−2 per sr × 106. Data correspond to mean ± s.d. (4 mice for nevi and 10 mice for melanoma). Statistical analysis: one-way ANOVA with Dunnett’s test for multiple comparisons. d, Luciferase emission induced by cutaneous melanomas generated in immunocompetent Vegfr3Luc; BrafV600E; Ptenlox/lox (albino) mice, visualized at the indicated times after topical administration of 4-OH-tamoxifen. e, Quantification of the luciferase signal in the indicated organs, as defined in Methods. The average tumour size at each point is indicated by a red dotted line and in the x-axis. Data correspond to mean ± s.d. (four mice per condition). Statistical analysis: t-test.

                          Source data
                        


Extended Data Figure 4 Analysis of metastatic potential in Vegfr3Luc mice.
a, Pearson correlation analyses of the luciferase signal versus cell burden, corresponding to data presented in Fig. 2a. Shown are lymph nodes or lungs with luciferase signal over the background. b, V3-Luc emission in immunocompetent BrafV600E;Ptenlox/lox (albino) mice at the indicated times before and after surgical removal of primary cutaneous melanoma. Note the reduction in tumour-driven V3-Luc signal, particularly at visceral sites, and the reactivation at later time points (black arrows), marking metastatic relapse. Fur was removed to facilitate imaging.

                          Source data
                        


Extended Data Figure 5 MDK loss of function impairs melanoma–induced lymphangiogenesis and metastasis.
a, Detection of MDK protein expression by immunohistochemistry in xenografts of the indicated cell lines. b, Secreted MDK in the indicated cell lines. Upper, immunoblots of conditioned medium containing (+) or depleted of exosomes (−). Lower, ELISA-based quantification of MDK in conditioned medium of the indicated cell lines containing or depleted of exosomes (black and grey bars, respectively). MDK levels in the purified exosome fraction (white bars) are indicted as a reference. Data were normalized to levels in the complete soluble fraction (black), and correspond to mean ± s.d. of three biological replicates. c, Depletion of MDK mRNA detected by qPCR of SK-Mel-147 cells infected with lentiviruses coding for control or MDK shRNA (1) or (5). Data correspond to mean ± s.d. of three biological replicates. d, Effect of the indicated shRNAs on MDK secretion, analysed by ELISA. e, qRT–PCR analysis of VEGFC (left) and VEGFD (right) mRNA expression in SK-Mel-147 cells expressing control or MDK shRNA (1) or (5). Data correspond to mean ± s.d. of three biological replicates. f, Lack of significant effect of MDK shRNA (shown for shRNA (1) and (5)) on the growth of SK-Mel-147 cells as subcutaneous xenografts in Vegfr3Luc nu/nu mice. Data correspond to mean ± s.d. for six mice per condition. g, Blood vessel density (BLV) defined by immunohistochemical staining for CD31 in xenografts of SK-Mel-147 cells expressing control or MDK shRNA (1) or (5). h, i, Peri-tumoural or intratumoural lymphatic vessel density (LVD) determined by histological staining for Lyve1 in lesions as in f. Data correspond to mean ± s.d. for three tumours per experimental condition.

                          Source data
                        


Extended Data Figure 6 MDK accumulates at sites of neolymphangiogenesis.
a, Relative expression of secreted MDK in WM164 cells infected with control lentiviruses (empty) or lentiviruses expressing MDK cDNA (right), analysed in parallel with respect to basal levels in primary melanocytes and the indicated cell lines (left). Data correspond to biological triplicates measured by ELISA, using purified recombinant protein as a reference for quantification. b, Representative images of lung metastases identified by mCherry fluorescence. c, qRT–PCR analysis of VEGFC (left) and VEGFD (right) mRNA showing minimal changes in control compared with MDK-overexpressing WM164 cells. d, Assessment of peri-tumoural lymphatic vessel density (Lyve1 staining) in consecutive histological sections of xenografts generated by WM164 cells expressing MDK (and their parental controls). e, Increased VEGFR3 mRNA in MDK-expressing HLEC, determined by qRT–PCR. Data in a–e correspond to mean ± s.d. of three biological replicates. f, Proliferative capacity of HLEC incubated with conditioned medium from control- or MDK-overexpressing WM164 cells (left, red). Statistical analysis: t-test. g, Depletion of MDK in SK-Mel-147 cells (blue). Data are represented as the relative mean ± s.d. of three biological replicates. Statistical analysis: one-way ANOVA. h, Dual immunofluorescence analysis to visualize MDK (green) and lymphatic vessels (Lyve1, red) in V3-Luc-positive lymph nodes of mice implanted with WM164 cells expressing MDK. i, The equivalent analysis in lungs.

                          Source data
                        


Extended Data Figure 7 MDK enhances the ability of melanoma cells to interact with and migrate through HLEC.
a, Attachment and spreading of mCherry-labelled WM164 or SK-MEL-147 melanoma cell lines on a confluent monolayer of HLEC preincubated for 16 h with 500 μg ml−1 recombinant MDK. Statistical analysis: t-test. See Supplementary Videos 1 and 2 for live imaging of the spreading capacity of WM164 and SK-Mel-147 melanoma cells, respectively, in control versus MDK-treated HLEC. b, Migration of SK-Mel-147 cells through a confluent layer of HLEC in the absence or presence of recombinant MDK (500 μg ml−1). Pictures show representative images of cells retained (up, pseudocoloured in red) or transmigrating (down, green) through the HLEC layer defined by confocal videomicroscopy as described in Methods. c, Percentage of migrating WM-164 or SK-MEL-147 cells in conditions as in b. Statistical analysis: t-test. d, Histological sections of xenografts generated by SK-Mel-147 cells expressing control or MDK shRNA and stained for Lyve-1 (brown) to visualize tumour cell intravasation. e, Quantification of lymphatic vessels colonized by melanoma cells in d per 25-mm2 field analysed. Data correspond to mean ± s.d. for three biological replicates (with a minimum of six fields analysed per tumour).

                          Source data
                        


Extended Data Figure 8 Intravital multiphoton imaging of lymph node metastases from melanoma cells expressing or lacking MDK.
a, Maximum projection, top views or side views of lymph nodes from representative mice three weeks after implantation of SK-Mel-147 cells labelled with GFP and transduced with control shRNA (shC, top) or MKD shRNA (shMDK, bottom). Tumour cells are visualized by green fluorescence, and collagen fibres by second harmonic generation (blue). Vessels at the subcapsular sinus (SCS) are stained with 155-kD dextran (magenta). Note the horizontal and vertical growth of shC cells (metastasis expressing MDK), and the disorganization of the surrounding SCS. By contrast, shMDK cells were identified as single cells or rare micrometastases. Scale bar, 50 μm. b, Still images showing the differential intralesional motility of the indicated SK-Mel-147 cell populations from lesions in a. The yellow dotted lines are shown to visualize the border of a dextran-labelled vessel in the context of a highly motile shC-melanoma cell (solid white outline). Vertical dotted white lines are included as reference to track cell movements. Scale bar, 10 μm. c, Z-slices at different time points from the time images in b. Bottom panels correspond to orthogonal zy views at the indicated time points to show the 3D location of the cell (circled in b and marked with an arrow in c) with respect to the lymphatic vasculature. Scale bar, 10 μm.


Extended Data Figure 9 Modulation of lymphangiogenic features by MDK via the mTOR pathway.
a, Sprouting ability of collagen-embedded LEC (stained with CellTracker green for fluorescence imaging). Data correspond to the length of sprouts generated when LEC colonies were incubated with conditioned medium (CM) from WM164 or WM164-MDK cells. b, Length of sprouts of collagen-embedded LEC colonies in the absence or presence of mTOR inhibitors. Statistical analysis: t-test; n = 10. c, Micrographs to visualize LEC-sprouting assays in a, b. Yellow dots mark the ends of sprouts. d, Immunofluorescence micrographs showing the expression of MDK (pink), lymphatic vessels (LYVE1, green) and p-RPS6 (red) in lymph nodes in an MDK gain-of-function setting, where Vegfr3Luc mice were implanted subcutaneously with WM164 cells and their isogenic derivatives WM164-MDK. Images were collected 2 weeks after implantation. White boxes mark magnified areas shown to the right.

                          Source data
                        


Extended Data Figure 10 MDK expression in human melanoma specimens.
a, MDK expression shown by immunostaining (brown) in paraffin-embedded sections of representative examples of human benign nevus, stage I–II melanoma specimens and skin and lymph node metasases. b, MDK levels in the indicated melanocytic lesions scored as negative, low and high (see Methods). Statistical analysis, χ2 t-test; n = 20 per category. c, Micrographs of low- and high-MDK expressing sentinel lymph nodes, focusing on subcapsular sinus (top) and medullary areas (bottom). d, Kaplan–Meier survival curves of melanoma patients as in Fig. 4h, considering only stage I–II (sentinel lymph node-negative) patients classified on the basis of low and high MDK expression in the corresponding sentinel lymph nodes. The number of patients at risk is shown for each time point. e, Multivariate analysis of the prognostic value of MDK expression on DFS, showing that it is independent of age, gender and Breslow depth. f, Proposed mode of action of MDK in the induction of lymphovascular niches and metastasis in melanoma.
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Impact of MDK on the ability of WM164 melanoma cells to adhere to and spread onto HLEC
Time lapse video microscopy of mCherry-labeled WM164 melanoma cells (red) plated on top of a monolayer of HLEC preincubated for 24h with vehicle (left) or 500ug/ml recombinant MDK (right). at 3.33 min intervals for a total of 965.7 minutes to visualize adhesion and spreading of melanoma cells as a function of changes in the size and area of mCherry-emitting cells. (MP4 6275 kb)


Impact of MDK on the ability of SK-Mel-147 melanoma cells to adhere to and spread onto HLEC
Time lapse video-microscopy of the metastatic SK-Mel-M17 cells labeled in red with mCherry to assay for increases in cell spreading and adhesion to HLEC preincubated for 24h with vehicle (left) or 500ug/ml recombinant MDK (right). Images were captured at 2.33 min intervals for a total of 200 minutes. (MP4 1936 kb)
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