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Abstract Lymphatic invasion and lymph node metastasis correlate with poor clinical outcome in
melanoma. However, the mechanisms of lymphatic dissemination in distant metastasis remain
incompletely understood. We show here that exposure of expansively growing human WM852
melanoma cells, but not singly invasive Bowes cells, to lymphatic endothelial cells (LEC) in 3D co-
culture facilitates melanoma distant organ metastasis in mice. To dissect the underlying molecular
mechanisms, we established LEC co-cultures with different melanoma cells originating from primary
tumors or metastases. Notably, the expansively growing metastatic melanoma cells adopted an
invasively sprouting phenotype in 3D matrix that was dependent on MMP14, Notch3 and b1-
integrin. Unexpectedly, MMP14 was necessary for LEC-induced Notch3 induction and coincident
b1-integrin activation. Moreover, MMP14 and Notch3 were required for LEC-mediated metastasis
of zebrafish xenografts. This study uncovers a unique mechanism whereby LEC contact promotes
melanoma metastasis by inducing a reversible switch from 3D growth to invasively sprouting cell
phenotype.
DOI: https://doi.org/10.7554/eLife.32490.001

Introduction
Distant organ metastasis requires that the tumor cells gain access into the hematogenous circulation
(Lambert et al., 2017 ). The metastatic dissemination of cancer cells is expedited by molecular
changes promoting the ability of cancer cells to invade across the surrounding extracellular matrices
(ECM) and into the lumen of lymphatic or blood vessels. In order to survive in circulation as well as
extravasate and colonize the distant organ sites the cancer cells need to survive a variety of stresses
such as hemodynamic shear forces, trapping to vascular beds and ROS, and gain the ability to inva-
sively grow at the new tissue microenvironment ( Piskounova et al., 2015 ; Strilic and Offermanns,
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2017 ). Many of these activities have been found to be enhanced in tumor cell clusters relative to sin-
gly invading tumor cells.

The local microenvironment including the ECM and cell-non-autonomous interactions between
cancer cells and stromal cells play a vital role in metastasis. In addition to providing a direct route for
dissemination, the tumor lymphatics have been proposed to directly modulate the metastatic cas-
cade through mechanisms that have remained elusive (Alitalo and Detmar, 2012 ). Clinical observa-
tions of satellite melanoma tumors growing between the primary tumor and draining lymph nodes
have suggested that the surrounding lymphatic endothelium serves as a protective microenviron-
ment for the survival of incipient metastatic cells ( Meier et al., 2002 ). In support of this hypothesis,
over the last few years it has become increasingly clear that lymphatic endothelial cells (LECs) in fact
actively interact with the surrounding cells in the tissue, thus regulating both physiological and path-
ological processes including tumor progression and metastasis. Both paracrine communication and
direct cell-cell interactions between tumor cells and the associated lymphatics have been shown to
drive tumor progression and dissemination. For example, chemokine receptor-ligand interactions
between melanoma and LECs drive chemotaxis of tumor cells towards the lymphatics
(Cabioglu et al., 2005 ; Das et al., 2013 ; Shields et al., 2007 ). Alternatively, tumor cells secrete fac-
tors like lipoxygenase, which can induce downregulation of the endothelial surface molecules and
loosening of the LEC junctions in vitro ( Kerjaschki et al., 2011 ).

In this study, we set to investigate how the LECs in the tumor microenvironment affect the meta-
static melanoma cell phenotype. To this end, we implemented 2D- and 3D melanoma-LEC co-culture
models, which enable a systematic analysis of the molecular crosstalk between the tumor cells and
the lymphatic endothelium. We found that the interaction of melanoma cells with LECs induced
matrix-metalloproteinase-14 (MMP14, also known as MT1-MMP) -dependent Notch3 and b1-integrin
activation in the expansively growing metastatic melanoma cells, leading to invasive sprouting of
cells in 3D matrices. Importantly, the interaction of these melanoma cells with LECs led to signifi-
cantly increased metastasis of melanoma xenografts in vivo, which was dependent on MMP14 and

eLife digest The death rates for many types of cancer have dropped, but melanoma remains a
serious concern. This type of skin cancer is especially aggressive because it can spread to distant
organs. Melanoma often spreads via the lymphatic system, a network of vessels that extends
throughout the body to drain fluid from the body's tissues. The lymphatic system also includes
structures ± called lymph nodes ± that filter bacteria from this fluid; this helps to defend against
infection.

When melanoma spreads to lymph nodes and distant organs, clinicians diagnose it as Stage IV
melanoma. For patients at this stage, the outcome is often poor. It is clear that melanoma exploits
lymph vessels to spread throughout the body. But researchers also suspect that vessel cells interact
with the cancer cells, helping the melanoma invade distant organs. Understanding exactly how
lymph vessels promote the spread of melanoma will lead to better options for treating this
aggressive cancer.

Pekkonen, Alve et al. investigated whether exposing human melanoma cells to cells from the
walls of human lymph vessels would make the cancer cells more aggressive. Indeed, after growing
the two cell types together in the laboratory, the melanoma cells became more invasive. When
transplanted into mice, these cancer cells spread to and invaded the rodents' distant organs.

Pekkonen, Alve et al. conducted a series of experiments to identify specific proteins in the
melanoma cellsthat were responsible for making the cancer more invasive after it interacted with the
lymph vessel cells. These experiments identified proteins called MMP14, Notch3, and b1-integrin as
critical to the invasive spread of melanoma cells. When melanoma cells with less MMP14 or Notch3
were implanted into zebrafish, the cancer cells spread less efficiently. These findings may represent
new leads that clinicians can test to see if they are markers of cancers that are most likely to spread
and that the pharmaceutical industry can pursue to treat melanoma patients.
DOI: https://doi.org/10.7554/eLife.32490.002
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Notch3. Thus, the crosstalk with LECs promotes melanoma metastasis by inducing a reversible
switch to invasively sprouting melanoma cells.

Results

Three-dimensional co-culture model recapitulates the melanoma
interaction with lymphatic vasculature
To study the interaction of LECs with melanoma cells in vitro, we utilized a three-dimensional (3D)
co-culture method, where LEC spheroids were embedded together with single, GFP-expressing or
fluorescent tracer labeled, melanoma cells into a cross-linked 3D matrix ( Figure 1a ) (Korff and
Augustin, 1998 ; Tatti et al., 2015 ). We chose to use fibrin as 3D matrix since it is frequently depos-
ited within tumor tissues and perivascular spaces in vivo. After 72 hr incubation, the LEC control
spheroids (labeled with the endothelial marker PECAM) showed moderate outgrowth (LEC sprout-
ing) from the spheroid body ( Figure 1b , leftmost panel). Co-culturing the LEC spheroids with cells
isolated from a melanoma skin metastasis (WM852) or from a superficially spreading melanoma
(Bowes), resulted in melanoma attraction and invasion into the LEC spheroid ( Figure 1b , middle and
rightmost panels). Especially the WM852 cells (and Bowes to a lesser extent) appeared to disrupt
the spheroid structure at the melanoma cell-LEC contact sites, as shown by the loss of the endothe-
lial adhesion molecule PECAM (Figure 1b , enlarged inserts of the middle and rightmost panels).
Thus, our 3D co-culture model qualitatively recapitulates attraction, migration and invasion of mela-
noma cells into lymphatic endothelial structures.

Interaction with LECs increases the metastasis of melanoma cells in vivo
To investigate potential crosstalk between melanoma cells and LECs and effects of these interactions
on melanoma tumorigenesis in vivo, we isolated cells from 3D co-cultures. For this, the GFP and
luciferase expressing WM852 and Bowes cells were cultured in 3D as monotypic, single cell suspen-
sion or together with the preformed LEC spheroids for 72 hr after which protease inhibitors were
removed for 30±48 hr leading to 3D matrix digestion and release of the cells. To quantify LECs in
the recovered cell mixtures, the cells were subjected to a qRT-PCR analysis for the expression of the
LEC markersCD34, PROX1and FLT4 (gene for VEGFR3). Parental primary LECs were used as a con-
trol. The cells derived from the 3D co-cultures were essentially negative for these LEC markers ( Fig-
ure 1Ðfigure supplement 1a ), indicating that the cell isolation procedure favored the enrichment
and survival of the melanoma cells. We therefore named these initially co-cultured melanomas as
LEC primed WM852* or Bowes* (distinguished by asterisks from the parental cells derived from
monotypic cultures).

Next, LEC primed WM852* or Bowes*, or WM852 or Bowes from monotypic cultures as controls,
were subcutaneously implanted into SCID mice (Figure 1a ). LEC priming did not significantly affect
the growth rate of the WM852 primary tumors ( Figure 1c ). Similarly, the growth rate of the 3D LEC
primed Bowes tumors was equal to the Bowes tumors derived from the monotypic cultures
(Figure 1d ), although the tumor volume and weight were slightly higher in the 3D LEC primed
Bowes tumors over the monotypic Bowes tumors at the end point analysis ( Figure 1Ðfigure supple-
ment 1b ).

Subsequent analyses of the WM852* or Bowes* derived tumors revealed melanoma cell invasion
into the lymphatic vessels in a manner similar to the in vitro 3D co-cultures ( Figure 1Ðfigure supple-
ment 1c ). To assess whether the LEC priming of melanoma cells affected their metastatic capacity in
vivo, we imaged lymph nodes, lungs and livers isolated from the mice bearing WM852/WM852* or
Bowes/Bowes* derived tumors.

Mice implanted with monotypic WM852 cells, originating from a melanoma metastasis, showed
clearly stronger luciferase signal in the lymph nodes than the Bowes groups ( Figure 1Ðfigure sup-
plement 1d±e ) but only low levels of signal in liver and lungs ( Figure 1e±f ). In contrast, the LEC
primed WM852* tumors metastasized significantly to both liver and lungs ( Figure 1e±f ). Supporting
the increased distant organ metastasis, quantitative PCR from the mouse lung genomic DNA
revealed higher amounts of the human-specific Alu sequences in mice bearing the WM852* tumors
when compared to the lungs derived from the monotypic WM852 implanted mice ( Figure 1Ðfigure
supplement 1f ).
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Figure 1. Co-culture of melanoma cells and LECs reveals melanoma invasion into the LEC 3D structures and increases the metastatic potential of
WM852 cells in vivo. (a) Schematic of the experimental pipeline. (b) Confocal images of LEC spheroids (PECAM-1, red) in 3D fibrin matrix (left panel),
LEC spheroids co-cultured with WM852 (green, middle panel) or Bowes (green, left panel). The area enclosed in the white square is shown enlarged
below each panel. Melanoma cells were stained with GFP (green), and nuclei were counterstained with Hoechst 33342. Maximum intensity Z-projections

Figure 1 continued on next page
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In concordance with the non-metastatic origin of the Bowes cells, mice with monotypic Bowes or
Bowes* had luciferase positive tumor cells in few of the isolated lymph nodes ( Figure 1Ðfigure sup-
plement 1e ) and no significant metastasis to liver or lungs (Figure 1Ðfigure supplement 1g ).

These results indicate that the in vitro interaction of WM852 metastatic melanoma cells with LECs
prior to tumor implantation promotes distant organ metastasis in vivo.

Interaction with LECs induces transcriptional changes in melanoma
gene expression
To enable functional and molecular analysis of the changes occurring in melanoma cells and LECs
upon the co-culture, we utilized a 2D co-culture model and optimized a separation method for the
two cell types. The GFP-melanoma cells were loaded with dextran-coated magnetic nanoparticles
prior to the 2D co-culture with LECs. After co-culture for 24±48 hr, LECs and the primed melanoma
cells were isolated using magnetic columns and the separation was validated with antibodies and
qRT-PCR (workflow depicted in Figure 2Ðfigure supplement 1a ; validations Figure 2Ðfigure sup-
plement 1b±c ), confirming efficient separation of the two cell populations: isolated WM852* showed
only 0.1±1% of LEC marker expression (Figure 2Ðfigure supplement 1c , left panel). The separation
of Bowes* was slightly less efficient (Figure 2Ðfigure supplement 1c , right panel). No differences
were observed in the proliferation of LEC-primed, separated WM852* and Bowes cells* when com-
pared to cells from the corresponding monotypic cultures ( Figure 2Ðfigure supplement 1d ).

We next subjected the ±LEC primed, separated WM852 and Bowes cells to RNA sequencing (Fig-
ure 2Ðfigure supplement 1a ). When compared to the parental cells derived from monotypic cul-
tures, expression of 663 genes was upregulated (>2 fold change, p<0.05) and expression of 347 was
downregulated (<2 fold change, p<0.05) in the LEC primed WM852* cells ( Supplementary file 1 ,
related to Figure 2 ). The LEC primed Bowes* cells showed 532 upregulated genes and 14 downre-
gulated genes (2-fold change, p<0.05) when compared to Bowes from monotypic cultures
(Supplementary file 1 , related to Figure 2 ). Thus, LEC interaction resulted in differential expression
of a large number of genes in the LEC primed melanoma cells.

To further dissect the biological processes affected by LEC interaction, we next utilized Generally
Applicable Gene-set Enrichment (GAGE) for pathway analysis. Interestingly, LEC priming led to
enrichment of several pathways known to be involved in cancer metastasis as well as cell contacts
and communication (Figure 2a±b ). Several of these pathways were enriched in both the metastatic
cell line WM852 as well as non-metastatic Bowes cells after the LEC contact. The commonly upregu-
lated pathways after LEC priming included adherens junctions, regulation of actin cytoskeleton,
Notch signaling and gap junctions ( Figure 2a±b ; red text), whereas ECM-receptor signaling was
downregulated in WM852* cells and upregulated in Bowes* cells ( Figure 2a±b , blue text). In addi-
tion, other pathways involved in cell-cell and cell-matrix interactions, like focal adhesion, TGF- b sig-
nalling and tight junction pathways, were enriched as differentially regulated only in Bowes cells
after the LEC contact (Figure 2a±b , black text).

To identify genes enriched in the pathways involved in the cell-cell or cell-matrix contacts (focal
adhesion, regulation of actin cytoskeleton, adherens junction, gap junction, tight junction, ECM-
receptor interaction and TGF- b signaling), we selected significant, differentially expressed genes in
WM852* and Bowes* cells and sorted them to the pathways ( Supplementary file 2 , related to Fig-
ure 2 ). We found LEC-induced changes in melanoma cells in the expression of ECM matrix compo-
nents such as collagens, laminins, fibronectin and reelin; cell surface receptors such as integrins,

Figure 1 continued

of confocal stacks are shown. (c,d) Growth rates of the 3D LEC primed WM852* (c) and Bowes* (d) derived tumors (n = 8 for both cell types) compared
to control WM852 (n = 7) and Bowes (n = 8) tumors, respectively. (e, f) Distant organ metastasis, detected by bioluminescence imaging of luciferase
signal, in liver (e) and lung (f) of SCID mice subcutaneously injected with WM852 alone or co-cultured with LECs (WM852*). Upper panels:
representative images of the indicated organs, each box represents an organ from one mouse. Bottom panel: quantification of luciferase signal, each
dot represents the luciferase value in one sample. Horizontal line indicates the average, vertical bars represent SEM. *: p<0.05. n.s., non-significant.

DOI: https://doi.org/10.7554/eLife.32490.003

The following figure supplement is available for figure 1:

Figure supplement 1. Analysis of mouse xenografts and distant organ metastasis.

DOI: https://doi.org/10.7554/eLife.32490.004
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