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A novel three-dimensional model to quantify

metastatic melanoma invasion
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Departments of 'Biomedical Engineering, Z?Chemical Engineering
and Materials Science, University of California-Irvine, Irvine,
California; *Chao Family Comprehensive Cancer Center,
Departments of “Medicine and ®Biological Chemistry, University
of California-Irvine School of Medicine, Orange, California

Abstract

Although attempts to develop any viable chemothera-
peutic approaches to combat metastatic cancers have
largely failed, potential genetic targets to halt metastatic
progression continue to be identified. As drugs are
developed to address these targets, there is a need for
high-throughput systems that accurately reproduce
in vivo microenvironments to gauge their efficacy.
Accordingly, we have developed a three-dimensional
in vitro culture system representative of the environment
present upon secondary metastasis to quantitatively
measure tumor cell invasion in this setting three-
dimensionally. Culturing melanomas of different meta-
static capacities within the system showed that each cell
type invades the matrix in a manner commensurate to
its known metastatic potential in vivo. Moreover, the
developed quantitative schemes were put to use to
characterize the effect of microenvironmental influences
(i.e., matrix components, interstitial cell presence) on
planar and vertical melanoma invasion. We propose this
novel, quantitative system as a useful tool to assess the
effects of pharmacologic and/or microenvironmental
influences on tumor cell invasion at a metastatic site.
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Introduction

The majority (90%) of cancer deaths arise from the spread
and dissemination of a primary tumor to secondary sites of
metastasis (1). This is particularly true in melanoma, an
aggressive form of skin cancer responsible for 80% of all
skin cancer deaths (2). The dismal 5-year survival rate of
metastatic melanoma (16%; ref. 3) is troubling on two
fronts: (a) its rising incidence; in the U.S. alone, 1 in 52 men
and 1 in 73 women will develop an early stage of the
disease (4); and (b) the absence of effective treatments; in
the past 30 years, the U.S. Food and Drug Administration
has approved only one drug to treat metastatic melanoma
(5). Although microarray analyses continue to identify new
target genes marking the progression of melanocytes to the
malignant phenotype (6-9) and the contributions of the
tumor microenvironment to epigenetic changes under-
scoring melanomagenesis continue to be elucidated
(3, 10-12), the pandemic failures of current chemothera-
peutic approaches (13) is distressing. Nonetheless, it is
increasingly conceivable that as new targets continue to
emerge, a combinatorial approach addressing a multitude
of these aims will be necessary to successfully battle
metastasis (5). The rapidly exploding array of experimental
drugs combined with therapies aimed at the microenvi-
ronment begs for a robust, high-throughput screening tool
to accurately gauge their respective effects in halting
metastatic progression.

Current in vivo approaches to study metastasis generally
involve the s.c. injection of tumor cells followed by
subsequent monitoring of metastatic tumor formation at a
distal site (14). Drawbacks to these approaches include the
length of time required of most experiments, cost (com-
pounded as the number of conditions increases), and the
inability to monitor crucial phases of the metastatic process
(14, 15). Conversely, in vitro models developed to study
metastatic invasion, largely consisting of modified Boyden-
like assays (16, 17), are intended to model the invasion of
the primary tumor rather than the invasion and growth of
tumor cells as they “set up shop’ at a secondary site. The
dearth of in vitro culture systems that recreate this process
further substantiates the need for a model of secondary
metastasis.

To address this void, our group has adapted a previously
published three-dimensional fibrin-based model of angio-
genesis (18) to develop a culture system representative of
melanoma invasion at the site of extravasation. A highly
metastatic melanoma cell line (C8161.9), a cutaneous
melanoma cell line (M14), and human epidermal melano-
cytes of neonatal origin (HEMn) were coated on microcarrier
beads and polymerized within fibrin or fibrin-collagen
hydrogels. A layer of dermal fibroblasts (DF) was added
to more accurately simulate the microenvironment. Inva-
sion of each cell type was monitored over a 7-day period
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and quantified via novel methods developed to assess
their planar and vertical invasion. The results show that
each cell type invades the matrix in a manner commen-
surate to its established metastatic capacity in vivo and,
curiously, seem to recapitulate their in situ growth
patterns (i.e., those that take place in architecturally
defined skin). Experiments also shed some light on the
role of fibrin and fibroblasts in metastatic melanoma
invasion. Results from these experiments validate the
system to quantitatively gauge the effect of microenvi-
ronmental influences on metastatic tumor cell invasion
and establish its potential as a high-throughput screening
tool to assess the efficacy of pharmacologic inhibitors
targeting metastatic forms of cancer.

Materials and Methods

Fibrin Tissue Construction

Cytodex-3 microcarrier beads (Sigma-Aldrich, St. Louis,
MO), spherical (mean diameter ~ 170 pm) dextran beads
coated with denatured collagen to facilitate cell adhesion,
were coated with either C8161.9 melanoma cells, M14
melanoma cells (both cell lines a generous gift from
Cindy Miranti, Van Andel Institute, Grand Rapids, MI),
or HEMn-moderate pigmentation (Cascade Biologics,
Portland, OR, used before passage 5) as follows: 4 million
cells were mixed with 10,000 Cytodex beads immersed in
5 mL of media within an upright T-25 culture flask. The
flask was gently agitated every half hour to ensure that
the cells coated the beads ubiquitously. After 4 h, beads
were transferred to a new T-25 flask situated in its
normal cell culture position, and 5 mL of fresh media was
added.

The following day, cell-coated beads were mixed at a
concentration of 50 beads/mL within a 3-mg/mL fibrino-
gen solution [bovine fibrinogen (Sigma) dissolved in PBS
(pH, 7.4)]. For collagen-containing conditions, 10% (by
weight) type I collagen (BD Biosciences, San Jose, CA) was
added to a fibrinogen solution with a slightly higher
starting concentration to compensate for the subsequent
dilution by collagen addition. Then, 0.5 mL of either
solution was mixed with 10 puL of a 50 units/mL solution
of thrombin (Sigma) within a 24-well plate. After allowing
tissues to clot at room temperature for 5 min, well plates
were transferred to a cell culture incubator (37°C, 5% CO,)
for an additional 20 min. Finally, for DF-containing
conditions, fibrin tissues were overlaid with DF (American
Type Culture Collection, Manassas, VA; used before
passage 10) at a concentration of 25,000/mL within either
DMEM-F12 (Invitrogen, Carlsbad, CA) supplemented
with 5% fetal bovine serum and 1% of the following:
sodium-pyruvate, non—essential amino acids, penicillin-
streptomycin, and L-glutamine (all from Invitrogen; for
C8161.9 and M14) or Medium 254 (Cascade Biologics)
supplemented with human melanocyte growth supplement
(for HEMn). For DF-absent conditions, tissues were overlaid
with their respective growth mediums. Media was changed
at day 1 and every other subsequent day.
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Image Acquisition and X-Y Invasion Quantification

Tissues were imaged via bright-field phase-contrast
microscopy with a Nikon TE300 microscope (Nikon,
Melville, NY) at three time points postassembly: days 1,
3, and 7 (Fig. 1). At least seven isolated beads per condition
(beads lacking any neighbors within one field of view in
any direction at a low magnification setting) were
randomly located per condition at day 1. The coordinates
of each bead were recorded (in reference to a randomly
selected origin within each 24-well plate, which was noted
and located again at each subsequent time point),
and beads were tracked and imaged over the time course
of the experiment using Metamorph software (Universal
Imaging/Molecular Devices Corporation, Union City, CA).
Beads were imaged at low power (4x) using a negative
phase-contrast objective. The resulting images were then
saved as high-resolution files (*.tif).

These files were then subjected to the fully automated
image processing modality illustrated in Fig. 2 using NIH
Image] open source software (NIH, Bethesda, MD) to
quantify invasion into the surrounding matrix. Low-
magnification images (Fig. 2A) were first sharpened
(Fig. 2B) to enhance contrast and accentuate detail. The
“find edges” function was then performed (Fig. 2C) to
further highlight sharp changes in intensity between
neighboring pixels. This additional step seemed to aid
the autothreshold function (Fig. 2D); when applied, this
function segmented the image into features of interest
(in this case, the brighter cell populations, red) and
background (black or gray). To quantify the total area
occupied by cells, the thresholded areas were traced
(Fig. 2E), and the sum of the areas occupied by these
traced objects (reflected in Fig. 2F) was totaled (image
clusters consisting of less than 10 pixels were ignored to
account for noise). The result was a metric for percent
invasion, which is the total percentage of the low
magnification field of view occupied by a population of
cells emanating from a single source, in this case, a
microcarrier bead. It is important to note that all described
steps are automated features of Image] and required no
subjective input from the user.

Labeling of Cells via Green Fluorescent Protein Ade-
novirus

Green fluorescent protein (GFP) recombinant adenovi-
ruses were packaged using a modified protocol for the
AdEasy XL system (Stratagene, La Jolla, CA). Briefly,
linearized plasmids (a generous gift from Christopher
Chen, University of Pennsylvania, Philadelphia, PA) were
used to transfect HEK293 cells (American Type Culture
Collection) with LipofectAMINE Plus (Invitrogen) accord-
ing to manufacturer’s instructions. High titer preparations
of the resulting adenovirus were extracted from the cells by
repeated freeze-thaw using liquid nitrogen and 37°C water
baths. The virus was then cleared by centrifugation and
purified with a cesium chloride ultracentrifugation gradi-
ent. Viral infection efficiency was empirically determined
by serial dilutions using each cell type in question and
observing the GFP fluorescence from 24 h to 8 days. In GFP
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C8161
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HEMn

infection experiments, viral multiplicity of infection result-
ing in a transduction efficiency of at least 80% (3.4 pg viral
multiplicity of infection per milliliter of bead suspension
for C8161s and M14s; 2.55 ug/mL for HEMn) was added to
cell-dextran bead suspensions for 24 h. At this time, the
media was removed, and beads were twice washed and
incorporated into fibrin gels as described above.

Confocal Imaging of Vertical Invasion

Invasion in the Z-plane was assessed at day 7 using a
Zeiss LSM 510 Meta (Carl Zeiss, Germany). For each
condition, beads coated with GFP-infected cells were
focused on with a 10x objective and excited with a 488-
nm laser. Z-stack parameters were set such that imaging
would begin 500 um below the bead and end 1,000 pm
above the bead, scanning image planes every 50 um
(31 images total). This range was found to encompass the
maximum distance traversed by cells in the Z-direction
across all conditions. The pinhole size was set such that the
overlap of fluorescence between neighboring planes would
be minimal.

The 31 images comprising a Z-stack were then combined
and stacked using LSM Image Browser software (Carl
Zeiss) to generate a three-dimensional projection. This
projection was then rotated about the Y-axis (as depicted
atop Fig. 5) by 90° to view invasion throughout the 1.5-mm
depth of the entire stack. Once rotated, images were
autothresholded in a binary fashion. The percentage of
the total image area occupied by the thresholded region
was quantified to yield a percent vertical invasion using
NIH Image].

Figure 1. HEMn, M14s, and
C8161s recapture their in vivo
phenotypes when cultured within
three-dimensional fibrin gels. C8161s
(A-C), M14s (D-F), and HEMn
(G-1) cultured within 3.0 mg/mL
fibrin hydrogels and tracked from
day 1 (A, D, and G) through day 7
(C, F, and l). Bars, 500 pm.

Statistical Analyses

Statistical analyses were done using InStat 2.01. Data are
reported as mean *+ SD. All statistical comparisons were
made by performing a one-way ANOVA, followed by a
Student-Newman-Keuls multiple comparisons test to judge
significance between two data sets at a time. P values <0.05
were considered statistically significant.

Results

Cells of Melanocytic Origins Recapture Their In situ
Phenotypes When Cultured within Three-Dimensional
Fibrin Hydrogels

C8161.9, a highly metastatic subclone (19) of a line of
melanoma cells originally established by Bregman and
Meyskens (20), were coated onto Cytodex microcarrier
beads and polymerized within 3.0 mg/mL fibrin hydrogels
overlaid with a DF monolayer. These cells were highly
invasive when tracked over a 7-day period (Fig. 1). The
observed phenotype was consistent with their established
in vivo behavior (21). Relatively aggressive invasion was
evident within 24 h (Fig. 1A), whereas a more well-defined
invasive front became apparent after 3 days (Fig. 1B) and
continued to grow through day 7 (Fig. 1C). The majority of
cells continued to proliferate and invade from this central
pocket.

A cell line derived from a primary melanoma (M14;
ref. 22) was also cultured within the system to contrast with
the invasion displayed by the highly metastatic C8161.9.
The sporadically metastatic M14 assumed a coordinated
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form of invasion (Fig. 1D—F) that contrasted sharply to that
of C8161.9. Although these cells typically formed an inva-
sive front as well by day 3 (Fig. 1E), individual populations
of cells did not deviate from the central cluster, restricting
their invasion to a symmetrical, apparently planar mode.

Normal melanocytes (HEMn) were also cultured within
this system to assess whether it was appropriate as a model
of invasion at a metastatic site. When grown in media
identical to that of the C8161.9 and M14, HEMn seemed to
lack any invasive/migratory capacity (data not shown). As
a result, HEMn were instead cultured in media specialized
for melanocyte growth. Although specialty media stimu-
lated HEMn migration into the matrix, invasion did not
seem coordinated over the 7-day period (Fig. 1G-I).
Moreover, HEMn maintained their polarized, spindle-like
appearance over the course of the experiment.

An Image Processing Approach Was Developed to
Quantify Planar Invasion of Cells into Their Surrounding
Matrix

Based on the results presented in Fig. 1, it was evident
that the development of a quantitative scheme was
necessary to determine the statistical significance of the

Figure 2. A quantitative imaging method to assess
radial invasion. To quantify invasion into the surround-
ing matrix by each cell type investigated, (A) low-
magnification images of isolated beads were sharpened
(B), edges were defined (C), and thresholded (D). Red,
cells or cell clusters. These thresholded regions were
traced (E), and the area occupied by these thresholded
areas (F) was finally calculated and summed to yield a
percentage of the total image area occupied by cells.
The end result is a metric for the percent invasion of
each cell type.

Molecular Cancer Therapeutics 555

observed differences in invasion of each cell type and the
effects of any subsequent manipulations to experimental
conditions (e.g., microenvironmental changes or addition
of pharmacologic inhibitors). Figure 2 illustrates the
automated steps developed using NIH Image] to define
the percentage of the total field of view occupied by a single
population of cells (i.e., those originating from a single,
isolated bead) at any discrete time point.

A low-magnification (4x) image (Fig. 2A) of an isolated
bead was sharpened (Fig. 2B) and had its edges
accentuated (Fig. 2C) to define differences in intensity of
neighboring pixels. These steps were found to reduce
noise when autothresholding the image (Fig. 2D) into its
binary form. Once the image was translated into binary
form, a tracing function of the image processing software
was used to outline the clusters of pixels (Fig. 2E)
exceeding the threshold limit (Fig. 2D, red). The areas
encompassed by these discrete closed loops (Fig. 2F) were
tallied to produce the metric of “percent invasion.” This
percentage reflects the fraction of the total pixel area of an
image occupied by a population of cells invading from a
single, isolated bead.
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Quantifying Planar Invasion Reveals That M14s Are
the Only Cell Type Affected by DF Presence within
Fibrin Matrices

To better characterize the model system, the effect of
including DF was assessed by applying the described
quantitative scheme to C8161.9, M14, and HEMn invasion
in the presence or absence of a DF monolayer. Although
there was little phenotypic difference observed among the
C8161.9 cultures (Fig. 3A and D) or HEMn cultures (Fig. 3C
and F), M14 outgrowth (Fig. 3B and E) was dramatically
affected by the removal of the DF monolayer. M14 deviated
from their symmetrical, coordinated invasion in the
presence of the DF monolayer by assuming a morphology
akin to C8161.9 when cultured in a DF-absent environment.
These qualitative observations were confirmed through the
developed quantitative approach. With the DF monolayer
present, C8161.9 were significantly more invasive than M14
or HEMn as early as day 1, culminating by day 7 to be
nearly thrice more invasive than M14s (45.74 + 4.04%
versus 16.06 + 4.42%). Meanwhile, M14 invasion was over
double that of HEMn invasion by day 7 (16.06 + 4.42%
versus 7.33 + 0.75%). As anticipated, removing DF did not
significantly affect the extent of C8161.9 or HEMn invasion.
However, a significant increase in M14 invasion between
these conditions was observed as early as day 3; M14
invasion without the DF monolayer reached the level of
C8161.9 (9.09 + 2.59 for C8161.9 versus 9.49 + 3.55 for M14)
from this point on.

The Addition of Collagen Slows the Invasion of All
Cell Types with DF Present by Day 7

To better represent the tumor microenvironment (23, 24),
collagen (10% by weight) was polymerized within the

C8161 M14

DF+

DF-

fibrin matrices. Comparing results from these experiments
with those conducted in a pure fibrin matrix (Fig. 3) hints at
the notion that fibrin may function to accelerate invasion
within the metastatic microenvironment. The addition of
collagen significantly reduced the invasion within all
cultures containing DF by day 7 compared with cultures
containing pure fibrin; C8161.9 invasion was reduced by
35%, M14 invasion was reduced by 75%, and HEMn
invasion was reduced by 69%. Among conditions lacking
DF, M14 and HEMn invasion were significantly reduced by
day 7.

Trends in collagen-containing matrices also deviated
from those established in the purely fibrin cultures. With
DF present, C8161.9 displayed a significantly higher
percent invasion than M14 or HEMn from day 1 onward.
However, M14 cultured in this condition did not invade
significantly more than did the HEMn at any time point
(Fig. 4G). C8161.9 invasion increased with the removal of
DF (Fig. 4 A, D, and G) by day 7 within the fibrin-collagen
matrices (29.60 * 8.73% versus 54.06 + 11.12%), as did M14
invasion (Fig. 4B, E, and G), which experienced a nearly
6-fold increase in percent invasion (4.09 + 1.89% versus
22.6 + 9.23%) upon DF removal by day 7. M14 invasion
again seemed to proceed in a disorganized fashion
(Fig. 4E), lacking the invasive front present in conditions
containing the DF monolayer (Fig. 4B).

C8161.9, 114, and HEMn Recapitulate Epidermal Growth
Patterns When Cultured withinThree-Dimensional Fibrin
or Fibrin-Collagen Matrices

Although it is widely appreciated that the transition from
radial growth phase to vertical growth phase is a critical
aspect of melanomagenesis in situ (25), it is not clear
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Figure 3. Quantifying radial invasion reveals that M14s are the only cell type affected by DF presence within fibrin matrices. Representative day 7
images of C8161 (A and D), M14 (B and E), and HEMn (C and F) cultured within 3.0 mg/mL fibrin matrices in the presence (A — C) or in the absence (D - F)
of a DF monolayer. Bars, 500 um. At three separate time points (days 1, 3, and 7), seven images per condition were acquired and processed using the
modality described in Fig. 2. The resulting percent invasion for each condition was averaged and compared as presented in G. *, P < 0.05 when comparing
M14 invasion to HEMn invasion at day 7. **, P < 0.01 when comparing C8161 invasion to M14 and HEMn invasion at day 1. ***, P < 0.001 when
comparing C8161 invasion to M14 and HEMn invasion at days 3 and 7. *#, P < 0.001 when comparing DF + to DF— conditions for M14 cultures at

days 3 and 7.
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Figure 4. Quantifying radial invasion within fibrin-collagen matrices shows that the addition of collagen slows the invasion of all cell types by day 7.
Representative day 7 images of C8161 (A and D), M14 (B and E), and HEMn (C and F) cultured within 3.0 mg/mL fibrin — 10% collagen | matrices in the
presence (A - C) or in the absence (D -F) of a DF monolayer. Bars, 500 um. At three separate time points (days 1, 3, and 7), seven images per condition
were acquired and processed using the modality described in Fig. 2. The resulting values of the percent invasion for each condition were averaged and
compared as presented in G. *, P < 0.05 when comparing C8161 invasion to M14 and HEMn values at day 1. ***, P < 0.001 when comparing C8161
invasion to M14 and HEMn invasion at days 3 and 7. **#, P < 0.001 when comparing DF + and DF— conditions of C8161 or M14 cultures at day 7. t,
significance in an identical fashion when comparing either condition and time point to its corresponding condition and time point in Fig. 3 (i.e., t t, facilitate
comparison between identical conditions and time points between pure fibrin matrices and fibrin-collagen matrices).

whether each cell type would retain these radial versus
vertical invasion characteristics at a site of secondary
metastasis. To address this question, microcarrier beads
were coated with GFP-infected cells and cultured within
fibrin or fibrin-collagen matrices in the presence or absence
of DF. Cultures were imaged every 50 pm over a depth of
1.5 mm via confocal microscopy, and the resulting Z-stacks
were compiled to generate three-dimensional projections of
vertical invasion (see illustration atop Fig. 5).

Strikingly, C8161.9 (Figs. 5A and B and 6A and B)
displayed extensive invasion throughout the Z-axis,
whereas M14 invasion (Figs. 5C and D and 6C and D),
by and large, remained planar. Binary thresholding
and quantification of the area occupied by each cell type
(Figs. 5G and 6G) in the vertical plane of either condition
revealed that C8161.9 occupied over 30% of these planes,
thrice that of M14s in each case. The addition of collagen,
while reducing planar invasion, significantly enhanced the
vertical invasion of both C8161.9 and M14 in the presence
of DF when compared with the corresponding condition in
pure fibrin (Fig. 6G).

In the absence of DF, vertical invasion of HEMn
proceeded as expected. HEMn deviated very little from
their radial growth plane in fibrin (Fig. 5F) or fibrin-
collagen (Fig. 6F) matrices. However, once cultured in the
presence of DF, melanocytes acquired some verticality to
their invasion (Figs. 5E and 6E). Quantification revealed a
significant increase in the percent of vertical invasion when
DF were included in the fibrin-collagen matrices; vertical
invasion increased from 8.88 + 0.65% (DF-) to 15.21 +
1.41% (DF+) in these matrices.

Discussion

The majority of in vivo models of metastasis determine the
effect of experimental conditions (usually via knock-out
mice) by relying on the end point of secondary tumor
formation at a distal site (14). However, the steps
occurring between tumor cell injection and metastatic
tumor formation are effectively shrouded in these models
(15). Despite advances in imaging to monitor these
processes, a crucial step of metastasis—the invasion and
colonization of cancer cells upon extravasation—remains
an elusive target. This study describes a three-dimensional
culture system developed to model this phase in vitro and
establishes the efficacy of this novel system by demon-
strating that cells from disparate phases of melanoma
invade the matrix in a manner proportional to their
known metastatic capabilities. Specifically, the highly
metastatic C8161.9 stayed true to its documented in vivo
behavior (21), ferociously staking claim to much of the
surrounding matrix (Fig. 1A-C). The sporadically meta-
static M14 invaded the matrix far less extensively than
their highly metastatic counterparts (Fig. 1D-F) and did so
in a coordinated and symmetrical fashion reminiscent of
collective cell migration (26). This feature of M14 invasion
may underlie its less aggressive nature when compared
with C8161.9, which seem to migrate individually.
Conversely, the untransformed HEMn did not extensively
invade the matrix (Fig. 1G-I), even when cultured in
specialty medium. Moreover, HEMn retained their polar-
ized, spindle-like morphology despite the unfamiliar
surroundings of a fibrin-rich matrix. This ability to judge
morphologic differences between cell lines of the same
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cancer type is a strength of this system, providing a
potential end point to measure the effects of experimental
conditions.

Perhaps the most useful aspect of this system is the
ability to quantitatively track the planar and vertical
invasion of any cell type in the long term (Figs. 2 and 5).
In the present context, this feature of the system led to a
number of interesting and potentially useful observations
regarding effects of the microenvironment on metastatic
invasion. The first is that it elucidated a potential role of
fibrin in the metastatic process that has previously been
overlooked. Fibrin has been shown to enhance metastatic
potential of tumor cells (27) through a combination of
functions, including the enhancement of tumor cell binding
to platelets (28) and adhesion to the vasculature of target
organs (27) before extravasation. However, the role fibrin
plays at the site of secondary metastasis, where it ostensibly
is secreted into the interstitium as metastatic cells extra-
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vasate and then coagulates around the preexisting, primar-
ily type I collagen extracellular matrix (29), is undefined.
Metastatic C8161.9 and M14 each showed relatively
moderate growth in collagen-containing matrices in the
presence of fibroblasts (Fig. 4A and B). However, in pure
fibrin matrices (Fig. 3A and B), C8161.9 and M14 each
displayed enhanced invasion. C8161.9 invasion was in-
creased by 55%, whereas M14 invasion increased nearly
4-fold (Figs. 3G and 4G). This provides causal evidence
that, in addition to its known functions to abet metastasis,
fibrin may enhance the migratory and invasive capacities of
metastatic cells.

Another quantifiable observation was that the presence
of fibroblasts in the model system curtailed the invasion of
tumor cells. For instance, in the fibrin-collagen matrices,
C8161.9 invasion increased by nearly 83%, whereas
migration of M14 became individual-cell dominant, and
invasion nearly quintupled with the removal of the DF
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Figure 5. Although characteristic of a metastatic environment, C8161, M14, and HEMn recapitulate their in situ growth patterns when cultured in
three-dimensional fibrin matrices. Confocal Z-stacks were acquired for each condition and projected three dimensionally. For each condition: left, a
representative view from the top of this projection; right, the view after rotating this projection 90° about its Y-axis (as depicted in the schematic at the
top). Representative day 7 projections of GFP-infected C8161 (A and B), M14 (C and D), and HEMn (E and F) invading 3.0 mg/mL fibrin matrices in the
presence (A, C, and E) or in the absence (B, D, and F) of a DF monolayer. Five images per condition were thresholded and quantified to yield a percent
vertical invasion. The resulting values for each condition were averaged and compared as presented in G. ***, P < 0.001 when comparing vertical

invasion of C8161 (DF +) to that of M14 and HEMn.
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The addition of collagen largely encourages vertical invasion of all cell types when compared with pure fibrin matrices. Representative day 7

projections (as described in Fig. 5) of GFP-infected C8161 (A and B), M14 (C and D), and HEMn (E and F) invading 3.0 mg/mL fibrin—10% collagen
matrices in the presence (A, C, and E) or in the absence (B, D, and F) of a DF monolayer. Five images per condition were thresholded and quantified to yield
a percent vertical invasion. The resulting values for each condition were averaged and compared as presented in G. ***, P < 0.001 when comparing
vertical invasion of C8161 (DF +) to that of M14 and HEMn. #, P < 0.05 when comparing vertical invasion of DF + and DF— conditions of HEMn cultures.
t, significance in an identical fashion when comparing either condition to its corresponding condition and in Fig. 5 (i.e., t t, facilitate comparison between

identical conditions between pure fibrin matrices and fibrin-collagen matrices).

monolayer (Fig. 4G). These results are somewhat para-
doxical given the established function of fibroblasts in
enhancing tumor growth and invasion (30), generally, and
that of melanoma (31), specifically. However, it is
important to note that the inhibitory effect of both DF
presence and collagen addition on melanoma invasion in
the context of a fibrin matrix may be due to reduced
proteolysis caused by these alterations. In particular, fibrin
can be cleaved by the cell-secreted protease plasmin,
resulting in a number of degradation products. Among
these, the fibrin E-fragment (consisting of the NH,-
terminal regions of the three distinct fibrin chains held
together by disulfide bonds; ref. 32) and degradation
product complexes containing this fragment have been
shown to dramatically increase the activation of plasmin
from its zymogen plasminogen and, hence, the proteolysis
of fibrinogen (33). Accordingly, it is possible that factors
secreted by DF interfere with the production of these
fragments and potentiate plasmin activation to a lesser
degree. Furthermore, collagen I has been shown to
promote plasmin activation to a lesser degree than fibrin
alone (34). The ultimate result of the subsequent reduction
in available plasmin could very well be observed
reduction in melanoma invasion. Nonetheless, the present
study provides precursory evidence that fibrin may
enhance melanoma invasiveness, whereas fibroblasts not

only do not enhance, but may in fact restrict, invasion at
the metastatic site. The ultimate effects of these compo-
nents on metastatic progression are potential topics of
future investigation.

The final interesting feature captured in this model
system relates to the vertical invasion of C8161.9, M14, and
HEMn, assessed by confocal sectioning of the GFP-infected
forms of each cell type (Figs. 5 and 6). Despite being placed
in a microenvironment not representative of architecturally
defined, collagen-rich skin (modeled well in human skin
reconstructs; ref. 35), the invasion of the investigated cell
types faithfully recapitulated their in situ vertical growth
patterns. Aberrant melanocytes escape keratinocyte control
of proliferation, form nevi, and develop dysplasia (precan-
cerous lesions) and hyperplasia (dramatic increases in cell
number) in the epidermis, defining radial growth phase
melanoma. Progression to the vertical growth phase
involves the penetration of an underlying basement
membrane into the dermal layer (36). Within the present
culture system, vertical invasion of untransformed HEMn
and sporadically metastatic M14 remained planar, or
“radial.” Meanwhile, C8161.9 migrated extensively either
toward the DF monolayer or, in the absence of the
monolayer, toward the nutrient source (culture medium).
Although the vertical invasion of M14 did not depend on
the presence of DF, remaining largely planar in either case,
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the vertical growth of HEMn did seem to be affected by
DF in collagen-containing matrices. This enhancement
occurred despite the lack of melanocyte-DF contact, hinting
that it may be solely mediated by DF-secreted factors.
These data provide interesting new evidence suggesting
that, whereas the microenvironment may influence the
aberrant growth of melanoma in the skin, a “minimum
functional unit” may exist within the in vitro microenvi-
ronment, which signals the cells to follow their in situ
growth patterns. Perhaps simply culturing the cells within
a matrix accomplishes this as culturing tumor cells in three
dimensions has led to the recapitulation of in wvivo
behaviors of a variety of cancer cell types (37-39).
Nevertheless, given that vertical invasion is required for
metastasis (25), assessing the depth of vertical penetration
may provide another prognostic tool to evaluate the
effectiveness of therapies in reducing the metastastic
capacity of melanoma cells within this model.

A robust in vitro system must allow the investigated
process to occur in the context of a natural surrounding,
facilitate manipulations of both the cells and the micro-
environment, be easy to perform, and have an easily
evaluated end point (40). The system described herein
contains each of these ingredients. A particular strength is
that it allows for a wealth of variables to probe the
mechanisms behind metastatic invasion: one can manip-
ulate the cells, vary the composition or density of the
extracellular matrix, add other secondary cell types, and
add any number of soluble factors or pharmacologic
inhibitors to the overlying culture medium. More gener-
ally, the ability to evaluate the end point of invasion
quantitatively in all four dimensions of any tumor line
allow the experimentalist concrete end points to deter-
mine the statistical significance between experimental
conditions.

We anticipate that this system will be most useful as a
cost-effective, high-throughput screening tool to assess the
effect of pharmacologic inhibitors and microenvironmental
cues (perhaps synergistically) on the invasive capacity of
tumor cells at a metastatic site, arming researchers with
another means to validate therapies in an appropriate
setting before advancing to more costly in vivo studies.
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