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Abstract
The mode in which cancer cells migrate away from the primary tumor is not fully understood. In
conjunction with intra-vascular cellular migration, we recently proposed extra-vascular migratory
metastasis \(EVMM) as a means for cancer cells to venture away from the primary tumor via crawling
along the abluminal vascular surface. Here, we propose a protocol that builds on a previous in vitro
angiogenesis assay. This protocol details a co-culture approach to monitor �uorescence-tagged
migrating cancer cells in the presence of vascular structures. This �uorescence based single cell co-
culture approach to monitor cancer cell migratory behavior in real time provides a quantitative approach
to decipher the cell decision making processes that cancer cells engage in when undergoing phenotypic
switching and exhibiting metastasis like dynamics. This assay can also be adapted for high-throughput
analysis and for therapeutic screening of cancer cell metastasis targets

Introduction
Metastasis is multi-step process that is de�ned by end points, where metastatic lesions are detected in
speci�c organs distant from a primary tumor, but the precise mechanisms that regulate metastasis
remains unknown \(1). Cancer cells can use differential migratory strategies depending on environmental
conditions while exiting the primary tumor mass and invading surrounding tissues \(2). The plasticity of
cancer cells seems to be linked to their ability to undergo stochastic phenotypic switching and acquire
embryonic stem cell-like properties \(2). We have recently described an alternative mechanism of
melanoma metastasis distinct from intravascular dissemination, which we have termed, extravascular
migratory metastasis \(EVMM). During EVMM, tumor cells migrate along the external surfaces of
vascular channels, demonstrating angiotropism and a pericytic-like mimicry \(3). EVMM may represent a
unique metastatic pathway allowing tumor cells to migrate in a crawling manner under favourable
environmental conditions. Importantly, analogies of EVMM include neural crest cell migration \(4),
vasculogenesis and angiogenesis \(5). Several histopathological studies on melanoma have also
demonstrated that angiotropism, where melanoma cells are closely associated with the abluminal
surfaces of vascular channels, in a pericytic location without intravasation \(6), is a prognostic factor
predicting risk for metastasis \(7,8). We recently demonstrated that angiotropism could also be a marker
of EVMM utilizing a modi�ed in vivo shell-less chick chorioallantoic membrane assay to observe
angiotropic melanoma cells spreading along microvascular channels in a pericytic-like manner \(9).
Finally, tumor cells from other types of cancers have also been reported to engage in angiotropism and
potentially EVMM, including glioblastoma, prostate and pancreatic cancer cells \(10-12). Although the
cellular decision making processes that cancer cells engages in to decipher environmental stimuli,
undergo phenotypic switching and choose its direction of migration are key concepts that need to be
explored further, there lacks a suitable method however to examine these concepts in real time. Here, we
developed a �uorescence based in vitro assay that monitors migration of individual cancer cells in the
presence of capillary-like structures \(13) in real time. We anticipate that this assay will provide a user-
friendly interface to elucidate the mechanism of EVMM and future development of high throughput
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analysis of potential therapeutics that target and inhibit EVMM. This assay demonstrates a unique
cancer metastasis assay reminiscent of the vascular environment, that can provide kinetic and
quantitative analysis of cell migratory patterns as cell engage in EVMM. This �uorescence based in vitro
assay builds upon the endothelial cell tube formation assay previously described \(13). Brie�y, we plate
human endothelial cells on a basal membrane extract \(BME) in a 96-well tissue culture plates. In the
presence BME, endothelial cells acquire the ability to form three-dimensional capillary-like structures or
endothelial tubules that consist of a lumen surrounded by endothelial cells attached to one another by
junctional complexes, and display a normal polarization \(13). This assay has been previously utilized as
a quick and quantitative interface to examine inhibitors and activators of angiogenesis \(14). We extend
this assay to monitor cancer cells as they engage in EVMM. Brie�y, we used �uorescence-labelled
melanoma cancer cells and plated them in the presence of these newly formed vascular tubules \(3, 18).
Following tubule formation, GFP-transfected C8161 human melanoma cells are introduced to cultures
and we monitored in real time melanoma cancer cell migration toward and along endothelial cells and
observed unique changes in the structural physiology of migrating melanoma cells suggesting epithelial
to mesenchymal cell state transition \(EMT). Live cell imaging of this co-culture EVMM assay enabled
quantitative analysis of migration in real time in single cells. Imaging must be conducted on an inverted
�uorescence microscope, such as the Nikon Eclipse Ti live-cell imaging microscope or others, as long as
the microscopy is set with appropriate �lters that correspond to the �uorophores. Melanoma cells have
been implicated to undergo phenotypic switching and exhibit migratory behaviour along the abluminal
surface, however several studies have also implicated other cancer cells to engage in similar migratory
dynamics and can be tested as well. Similarly heterogenic cancer cell populations from primary tumors
can also be examined to monitor how sub-populations of heterogenic cancer cell system exhibit speci�c
migratory phenotypes. Quanti�cation of migratory behaviour can be accomplished in many ways
including distance travelled and direction of travel of individual cancer cells using cell tracking programs
\(Nikon and ImageJ). Changes in cellular morphology and the presence or absence, as well as length of
�lapodia and metastatic protrusions can be monitored and quanti�ed \(ImageJ and Nikon). Metastasis is
the leading cause of mortality in cancer patients. This �uorescence-based assay to monitor EVMM could
be complementary to the trans-well invasion assay, which focuses on intravascular metastasis \(15). Our
assay enables monitoring tumor cells as they engage in EVMM and provides a critical quantitative tool to
elucidate the mechanisms of cancer cell migration and the metastatic potential of various cancer cell
types. We anticipate that this assay will enable better understanding on the molecular level the interaction
between the abluminal surface of endothelial cells and angiotropic cancer cells. This ability to monitor
EVMM in individual cells and in real time can also be utilized as a high-throughput array to test potential
therapeutics that may inhibit or reduce cancer cell metastasis. Furthermore, this assay can be modi�ed to
monitor factors that initiate cell phenotypic state transitions, speci�cally EMT in real time and in single
cells. Our studies have implicated an alternative form of cancer cell migration and cancer cell interaction
with its vascular environment: a unique extra-vascular migration along the abluminal surfaces of vessels.

Reagents
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Reagents • Cultrex Basement Membrane Extract, no phenol red, reduced growth factor \(BME; Trevigen,
cat. no. 3433-005-01) • Human Umbilical Vein Endothelial Cells \(HUVECs; Lonza, cat. no. C2517A) •
Trypsin–EDTA, 1. \(Invitrogen, cat. no. 25200-056) • Trypan Blue Solution, 0.4% \(wt/vol, Mediatech, cat.
no. 25-900-CI) • Endothelial Basal Medium-2 \(EBM-2; Lonza, cat. no. CC-3156) • Recombinant human
FGF basic \(basic �broblast growth factor, bFGF; R&D Systems, cat. no. 233FB) • Recombinant human
EGF basic \(basic epithelial growth factor, Life Technologies, cat. no. PHG0311) • Dimethyl sulfoxide
HYBRI-MAX \(DMSO; Sigma, cat. no. D2650) • Dulbecco’s Phosphate-Buffered Saline, 1. \(DPBS;
Invitrogen, cat. no. 14040) • 96-well cell culture plates \(Corning Costar, cat. no. 3997) • 15 ml conical
centrifuge tubes-sterile \(ISC BioExpress, cat. no. C-3394-1) • Tissue culture �asks, 25 cm2, �lter cap, 50
ml \(Greiner Bio-One, cat. no. 690-175) • Disposable sterile plastic pipettes \(Fisherbrand) • GFP-labeled
Human melanoma cancer cells \(C8161, NIH) • MCDB Media, no glutamine \(VEC Technologies, cat. no.
10372-019) • Glutamine \(Sigma, cat. no. 56-85-9) Reagent Set Up • Endothelial cell growth medium-2:
Add all supplements and growth factors of the EGM-2 SingleQuot Kit to EBM-2 and store at 4 °C for up to
1 month. • MCDB Media: Add glutamine and growth factors and store at 4’C for 1 month.

Equipment
Equipment • Cell culture incubator \(humidi�ed, 5% CO2) • Biological hood with laminar �ow and UV light
• Sterile micropipette • 37 °C water bath • Centrifuge with a swing-bucket rotor, refrigerated \(Eppendorf,
cat. no. 5810R) • Hemocytometer • Inverted phase microscope with �uorescence and .4 and .10 objectives
\(Nikon Eclipse Ti)

Procedure
For details on passaging of human umbilical vein endothelial cells, preparation of basal membrane and
tubule formation, please refer to Nature Protocols \(16) Endothelial Cell Culture: Human umbilical vein
endothelial cells \(HUVEC-2) were maintained in MCDB-131 Complete Media \(VEC Technologies) and
passaged 1:10 every 72-96 hours at 90% con�uency in 10cm2 tissue culture plates. Cells were split using
2mL of 0.25% Trypsin-EDTA \(Invitrogen). At passage four, HUVEC-2 cells were expanded into multiple
15cm2 plates and frozen in 10% DMSO/MCDB-131 freezing media. Tubule Formation: 50μl of lique�ed
Basement Membrane Extract or BME \(Trevigen) or Matrigel \(bdbiosciences) was added to wells of a
clear-bottom 96-well tissue culture plate. The basement membrane was permitted to solidify for thirty
minutes at 37°C, at which time HUVEC-2 cells were seeded atop the membrane at a density of 15,000
cells/well in 100μl of MCDB-131 enriched with 2mM L-glutamine, 1mg/mL hydrocortisone \(Sigma), and
10ng/mL EGF \(Invitrogen). Cells were cultured overnight at 37°C in a humidi�ed 5% CO2/95% air
atmosphere to allow for tubule formation. Tubule formation was observed 12-16 hours post-seeding.
Cancer Cell Co-Culture: Using standard procedures to passage GFP-labeled Human melanoma cancer
cells \(C8161), split nearly con�uent �asks of C8161-GFP such that cells will be ~80% con�uent in 24 h. \
(Day before assay) Harvest 80% con�uent C8161-GFP from 25-cm2 �ask, TIMING 25 min. Warm PBS,
trypsin–EDTA in the 37 °C water bath. Remove and discard the media from 25-cm2 �ask with C8161-GFP



Page 5/9

and rinse cells with PBS. Add 1 ml of trypsin–EDTA to the �ask, incubate at 37 °C for a few minutes to
release the cells. Tap the side of the �ask to be sure that the cells are detaching. Add 1 ml of
supplemented growth medium; gently pipette the solution up and down to make a single cell suspension.
Transfer cell suspension in a sterile 15 ml conical tube. Determine cell number and viability by mixing 5 μl
of cell suspension with 5 μl of Trypan blue and using a hemocytomoter. Centrifuge cells at 200 g for 3
min in a centrifuge with a swing-bucket rotor. Aspirate supernatant and resuspend cell pellet in MCDB-131
Complete Media The cells should be gently pipetted up and down a few times to obtain a single cell
suspension. GFP-transfected C8161 human melanoma cells were independently added to wells
containing HUVEC-2 tubules and BME at a density of 3500 cells/well in 50μl of MCDB-131 Complete
Media Quantitative Fluorescence Real Time Imaging. Time-lapse images of human migratory cancer cell
lines can obtained post-seeding using the Nikon Eclipse Ti live-cell imaging microscope. Single cell
tracking can also employed to monitor cellular path length and velocities. Different objectives can be
used \(higher magni�cation) to determine changes in cell morphology.

Timing
Step 1. Passaging of human umbilical vein endothelial cells: 30 min \(1 d before assay start) Step 2.
Thaw the basement membrane extract: 5 min \(1 d before assay start) Step 3. Coating 96-well cell culture
plate with basement membrane extract \(30 min) Step 4. Harvest 80% con�uent HUVECs from 25-cm2
�ask: 10 min Step 5. Put cells on top of gelled basement membrane extract to begin the tubule formation
assay: 15 min to add cells, 4–16 h incubation time Step 6. Passaging of human melanoma cancer cells
tagged with GFP: 30 min \(1 d before assay start) Step 7. Harvest 80% con�uent cancer cells from 25-
cm2 �ask: 10 min Step 8. independently added to wells containing HUVEC-2 tubules at a density of 3500
cells/well Step 9. Single cell imaging and quanti�cation

Anticipated Results
Examples of this co-culture assay are presented in Figure 1 and 2. Brie�y, �uorescence-labelled
melanoma cancer cells were plated in the presence of these newly formed vascular tubules \(Figure 1).
Real time imaging of melanoma cancer cell migratory behaviour exhibited a migration toward and along
endothelial cells, we also observed unique changes in the structural physiology of migrating melanoma
cells suggesting epithelial to mesenchymal cell state transition \(EMT) \(Figure 2), not seen in stationary
melanoma cells. Live cell imaging of this co-culture EVMM assay enabled quantitative analysis of
migration in real time in single cells \(Video1). Single Cell tracking of individual melanoma cells engaging
in EVMM over a course of 24 hours post-seeding provided cell path length and velocity of EVMM
migration during the 24 hour time course, where an average Velocity \(EVMM)=0.3 μm/min was
observed, \(Figure 2, Video 1), which is within the range of both tumor cell and neural crest migration
average velocities \(17,18). 
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Figures

Figure 1

Assay to monitor EVMM A. Co-culture of GFP C8161 melanoma cells with endothelial tubules on BME.
Time Lapse: 1 hour. Phase contrast; B. Fluorescent microscopy of the same �eld, the network of
endothelial tubules associated with round randomly plated GFP �uorescent melanoma cells C. Time
Lapse: 5 hours. D. Time Lapse: 20 hours. Overtime the spreading of GFP (green) melanoma cells along
the abluminal surfaces of endothelial tubules, exhibiting a mesenchymal phenotype and mimicking
pericytic like migration. Scale Bar=60 µM
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Figure 2

Melanoma EVMM Single cell analysis of melanoma cells engaging in EVMM along the epithelial surfaces
of tubules was conducted. Scale Bars=60 uM. Time lapse images of melanoma cells (marked as
melanoma cell 1 and melanoma cell 2) engaging in EVMM was obtained between 5 and 9 hours post-
seeding, reveal two melanoma cells having moved along the endothelial tubule from points 1a to 1b
(melanoma cell 1) and points 2a to 2b (melanoma cell 2). C. Time lapse images of melanoma cells
(marked as melanoma cell 1 and melanoma cell 2) engaging in EVMM was obtained between 5 and 9
hours post-seeding, reveal two melanoma cells having moved along the endothelial tubule from points 1a
to 1b (melanoma cell 1) and points 2a to 2b (melanoma cell 2). Single cell tracking was conducted to
monitor path length and velocity of migration. Melanoma Cell 1: Path length: 54.64μm, Average Velocity:
0.004μm/s or 0.25 μm/min. Melanoma Cell 2: Path Length: 66.31μm, Average Velocity: 0.0046μm/s or
0.3 μm/min. Solid lines indicate Velocity (μm/s) while broken lines indicate Acceleration (μm/s2)
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