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ABSTRACT

We developed a computer-assisted platform using laser scanning confocal microscopy to 3D
reconstruct in real-time interactions between metastatic breast cancer cells and human umbilical
vein endothelial cells (HUVECs). We demonstrate that MB-231 cancer cells migrate toward HUVEC
networks, facilitated by filopodia, migrate along the network surfaces, penetrate into and migrate
within the HUVEC networks, exit and continue migrating along network surfaces. The system is
highly amenable to 3D reconstruction and computational analyses, and assessments of the effects
of potential anti-metastasis monoclonal antibodies and other drugs. We demonstrate that an anti-
RHAMM antibody blocks filopodium formation and all of the behaviors that we found take place

between MB-231 cells and HUVEC networks.

Introduction

Metastatic breast cancer is a leading cause of cancer
mortality in women [1-3]. The major mechanism of
metastasis in all cancers [4], including breast cancer [5],
is thought to occur via intravasation into the peripheral
blood [6], and/or the lymphatics [7], by tumor cells that
have undergone the epithelial to mesenchymal transi-
tion [8]. Upon intravasation, the circulating tumor cells
[9] disseminate to distant sites [10], where they extra-
vasate to seed secondary tumors [11,12]. Intravasation
of cancer cells into vessels has been visualized by intra-
vital imaging [13] and identified in histological pre-
parations of breast cancer [14]. Extravasation has also
been visualized in in vitro models in which endothelial
tubules are formed in microfluidic chambers [15]. In
vivo, intravasation has been shown to require contact
between an endothelial cell, a macrophage and a cancer
cell [14], creating a doorway, referred to as the “Tumor
MicroEnvironment of Metastasis’ [6,16], through which
the cancer cell intravasates. Reports, primarily from
observations of fixed tissue from melanoma cases
[17,18], but also from prostate cancer [19] and cuta-
neous squamous cell carcinoma [20], suggest that
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cancer cells can also crawl along the outside walls of
blood capillaries [17,21]. The interactions between can-
cer cells and endothelial cells, therefore, have received
intense scrutiny at the molecular level [22-24], but less
so at the behavioral level, which has the potential to
identify new molecular targets that can be pursued to
block metastasis.

To this end, we have begun to develop a computer-
assisted 4D tumorigenesis model to facilitate the study
of cell interactions related to tumorigenesis and metas-
tasis [25,26]. Using this model, we previously observed
by computer-assisted 3D reconstruction that cells from
a variety of tumorigenic cancer cell lines, as well as
cancer cells from fresh tumor tissues, actively aggregate
and coalesce when seeded in a 3D Matrigel matrix,
a behavior not observed in preparations of nontumori-
genic cells [26-28]. These cancer cell-specific behaviors
were mediated by filopodia and pseudopodia, and
involved specialized physical interactions [26-28]. We
then expanded this model to investigate in 3D the
behavioral interactions of fibroblasts and cancer cells,
and found that fibroblasts, activated by cancer cell-
conditioned media, accelerated coalescence of cancer
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cells through reciprocal signaling and direct cell inter-
actions [29]. Fibroblast networks also acted as scaffolds
for cancer cell aggregation.

Here, we have used this computer-assisted 3D model
to investigate the behavioral interactions of tumori-
genic, breast cancer-derived MDA-MB-231 (MB-231)
cells and human umbilical vein endothelial cells
(HUVECs). A 2D HUVEC reticulated multicellular
network, supported by a Matrigel cushion was over-
layed with a 3D Matrigel matrix containing MB-231
cells evenly dispersed in 3D. Using optical sectioning
and 3D-reconstruction of live cells over time, we
observed that MB-231 cells migrated in a directed fash-
ion onto the static HUVEC scaffold. Directional migra-
tion was mediated by filopodia extending from MB-231
cells suggesting a tactile mechanism of tracking. The
filopodia that connected to HUVECs expanded to
accommodate the cell body cytoplasm as the latter
tracked the path of the filopodia to the contacted
HUVEC. MB-231 cells, when fully attached to the
HUVEC networks, crawled in a persistent fashion
along the branches of the network, forming transient
aggregates. At times, the MB-231 cells penetrated the
HUVEC networks, migrated within the multicellular
HUVEC networks, and then exited the HUVEC net-
works and continued migrating on the HUVEC net-
work surfaces. Adhesion of cancer cells to the HUVECs
did not block pseudopod-driven cell migration, even
when contact to HUVEC cells was over the entire 3D
surface of the cancer cells. The basic model can now be
expanded to include combinations of breast cancer
cells, fibroblasts, endothelial cells, macrophages, and
the formation of HUVEC tubes [15]. The transparent
3D model allows for computer-assisted 3D reconstruc-
tion at time intervals of cell interactions associated with
tumorigenesis and metastasis, and is highly amenable
to assessing the potential blocking activity of antibo-
dies, as shown here for antibodies against CD44 and
the receptor of hyaluronate mediated motility
[26,28-32].

Methods

Growth and maintenance of cell lines and primary
cells

Human umbilical vein endothelial cells (HUVECs) and
basal endothelial cell growth medium (EBM-2), supple-
mented with the Endothelial SingleQuots Kit, were
obtained from Lonza (Basel, Switzerland). EBM-2 and
the SingleQuots Kit were mixed to make the complete
endothelium growth medium, EGM-2. MB-231 breast
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cancer cells were obtained from ATCC and cultured for
12-15 passages in MCF medium, which consisted of
DMEM/F12 basal medium (Life Technologies,
Carlsbad, CA) supplemented with 5% horse serum,
human recombinant EGF, insulin, hydrocortisone and
cholera toxin, all obtained from Sigma Aldrich
(St. Louis, MO), and penicillin-streptomycin from
Thermo-Fisher (Grand Island, NY) [33]. GFP-tagged
MB-231cells, obtained from Angio-Proteomie (Boston,
MA), were cultured according to the supplier’s direc-
tions. MCF-10A, a non-tumorigenic cell line derived
from normal breast epithelial cells [34], was purchased
from the American Type Culture Collection (Manassas,
VA) and cultured in mammary epithelial cell basal
medium, as described elsewhere [26].

Generation of MDA-MB-231/EGFP for injection into
mice

To generate MDA-MB-231/EGFP, MB-231 cells were
transfected ~ with  the  plasmid  pEGFP-C3
(BDBiosciences, San Jose, CA). The plasmid was line-
arized at the Asel restriction site and used to transfect
cells using FuGENE HD Transfection Reagent
(Promega, Madison, WI; https://www.promega.com/)
according to the supplier’s specifications. Stable clonal
transfectants were obtained by selection with 330 pg/ml
of G418 disulfate (Sigma, St. Louis, MO).

Preparation of HUVEC networks

A 20 mm glass insert in the dish bottom of a 35 mm
plastic Petri dish (Cellvis, Mountain View, CA), was
coated with 200 pl of Matrigel and placed in a 37°C, 5%
CO, incubator for 30 minutes to allow Matrigel gela-
tion [26]. A suspension of 5 x 10> HUVECs in 200 pl of
EGM-2 was then plated on the Matrigel layer. After
4 hours of incubation at 37°C in 5% CO,, the HUVECs
had formed a characteristic reticulated network [35].
2D images at 4x or 10x magnification were acquired
through an Olympus CK2 microscope housed in an
incubator at 37°C and 5% CO, as previously described
[29].

Preparation of 3D samples

To vitally stain HUVECs red, a stock solution of Cell
Tracker DeepRed dye (Invitrogen, Waltham, MA) was
prepared by dissolving 15 ug in 50 ul of DMSO and the
stock solution stored at —20°C. HUVECs were har-
vested at 70-80% confluency and 5 x 10> cells resus-
pended in 1 ml of RPMI medium without serum. One
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il of the Deep Red stock solution was added and the
cell suspension incubated for 30 minutes at 37°C in 5%
CO,. The dyed HUVECs were then pelleted, resus-
pended in 200 pl of EGM-2, plated on the Matrigel-
coated glass insert of a 35 mm Petri dish and incubated
for 4 hours. Excess medium and unattached HUVECs
were carefully removed by gently washing the insert
with EGM-2. The periphery of the insert was dried
with a sterile cotton swab. MB-231-GFP cells were
harvested at 70-80% confluency. A suspension of
5 x 10° cells in 100 pl of MCF medium was mixed
with 500 pl of ice-cold Matrigel as previously described
in detail [26]. A 200 pl aliquot was then carefully
pipetted over the HUVEC network and incubated for
one hour at 37°C in 5% CO, to polymerize the Matrigel
(Figure 1(a)). MCF medium was then added to the
dish. For non-tumorigenic MCF-10A cells, cells from
a culture at 70-80% confluency were suspended in
RPMI medium containing 22 pM CellTracker ™
orange CMRA Dye (Invitrogen, Waltham, MA) at
a concentration of 5 x 10° cells/mL. The mixture was
incubated at 37°C in 5% CO, for 30 min. Cells were
then pelleted at 100 g for 4 min, resuspended in 100 pl
of MCF medium, mixed with Matrigel and plated over
the HUVECs as described above. To test the effects of
select monoclonal antibodies on MB-231 cell behavior,
20 pl of a mADb was added to the cell suspension, or
medium without cells, to obtain a final volume of
100 pl, then mixed with 200 pl of Matrigel. This mix-
ture was distributed over the HUVEC cell network on
the Matrigel cushion. For studies on the effects of
antibodies, the 300 ul mixtures contained 150 pg of
the anti-CD44 mAb H4C4 (Developmental Studies
Hybridoma Bank [DSHB], https://dshb.biology.uiowa.
edu/), and/or 20 pg of the anti-HMMR/RHAMM poly-
clonal antibody 35,000,002 (Novus Biologics,
Centennial, CO). The H4C4 mAb was purified follow-
ing a previously described protocol [31]. Briefly, H4C4
was purified from hybridoma supernatant by using
Protein G HP SpinTrap columns (GE Healthcare,
Chicago, IL) and concentrated in DPBS (Gibco,
Waltham, MA) using Amicon ultra-centrifugal filter
units (EMD MilliporeSigma, Burlington, MA).

4D image acquisition

Images were acquired using the Leica TCS SP8 confocal
microscope located in the Roy J. Carver Center for
Imaging in the Department of Biology at the
University of Iowa. The dish containing the preparation
was placed in an environmental chamber that main-
tained the sample at 37°C in 5% CO,, throughout
image acquisition (Figure 1(b)). Z-series images were

acquired for 7-9 fields per sample, employing the pre-
cision motorized xyz stage at 2.5 um steps, every
10 minutes for up to 72 hours through a 20x objective
(Figure 1(c)) using 488, 552 and 638 nm laser lines for
green, yellow and red fluorescent markers, respectively.
Images in the Leica file format from each channel (DIC,
red, green and yellow) were converted to JPEG images
using Image] [36] (Figure 1(d.,e)). Direct reconstruc-
tions of the red and green channels were performed
using the Leica Application Suite (LAS X) software
(Figure 1(f)). JPEG images from each channel were
also converted into z-projections which could be
merged using Image] to generate a movie that could
be viewed in QuickTime (Figure 1(g)).

J3D-DIAS4.2 [25,29,32] was used for accurate and
precise quantitative analysis of cell movements and
shapes. To reduce the size of files and increase the
speed of analysis, JPEG images were imported into J3D-
DIAS4.2 [25] as described above (Figure 1(d)) and saved
as movies in the DIAS format. Image segmentation of
HUVEC networks was performed automatically using
a bitmap algorithm (Figure 2(a)) that retains gaps and
spaces in the network [26]. MB-231 and MCF-10A cells
were automatically outlined using a threshold detection
algorithm [37-39] (Figure 2(b)). Overlapping bitmap and
edge traces of the optical sections were stacked in the
z-axis (Figure 2(c,d)), respectively). Bitmap pixels were
expanded into voxels and the voxel blocks wrapped into
a continuous surface [26], while the pixel-based outlines
of objects detected by thresholding were replaced with
beta-spline models [25]. J3D-DIAS4.2 then built a faceted
surface from the beta-splines using the ‘marching cubes’
algorithm [40]. Path files in both cases were constructed
from the position of the 3D centroid at 10 minute inter-
vals [25] and velocity data calculated from the centroid
track [32,41]. The surface area of HUVEC networks was
calculated from the faceted reconstructions [25]. HUVEC
surface area was determined for nodes with contiguous
branches and percent decrease calculated relative to the
4 hour network. A node was defined as an area with at
least 3 branches. Nodes with branches that had detached
from the network were excluded. Reconstructed images
from the red and green channels were viewed separately
in J3D-DIAS4.2 (Figure 2(e)) or combined and viewed
from different angles and rotations (Figure 2(f,g)). The
proportions of MB-231-GFP cells contacting HUVECs
were counted manually using these reconstructions.

Generation of MB-231 CD44°¢

MB-231 cells were transformed with the plasmid
pLX304 expressing CD44 isoform 12 under the
CMV promoter and a C-terminal V5 tag as
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Figure 1. A transparent 3D preparation was employed to assess the behavior of live breast cancer cells in the vicinity of a reticulated
network of endothelial cells. (a) A schematic diagram of the basic preparation. A suspension of human umbilical vein endothelial
cells (HUVECs) plated on a matrigel cushion formed a 2D reticulated multicellular network on the cushion surface after 4 hours at
37°C. The network was then overlayed with a suspension of MB-231 cells suspended in matrigel at 5°C. After one hour at 37°C, the
Matrigel polymerized, resulting in a deep matrigel overlay containing randomly dispersed MB-231 cells. (b) A set of optical sections
of deepRed dyed HUVECs and GFP-MB-231 cells were acquired at time intervals for up to 72 hours through a 20X objective using
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HyD detectors at 638 and 488 nm, respectively, along with DIC images. Preparations were housed in an environmental chamber at
37°C in 5% CO, on the stage of a Leica TCS SP8 laser scanning confocal microscope (LSCM) with a motorized x,y,z stage. (c) Sixty
optical sections were acquired through 150 pm at 2.5 pm intervals. (d) Flowchart of microscopy and computer-assisted reconstruc-
tion. (e) Representative z-series from the DIC, red and green channels for an early preparation obtained from the Leica TCS SP8 at
10 pum intervals. (f) LSCM Z-projections from each channel were merged for preliminary analysis at three angles. (g) Three channels
were merged to generate a single image projection viewed from on top.

a. J3D-DIAS bitmap traces red channel

b. J3D-DIAS threshold trace

s green channel

al -

€. Reconstructed red and green channels

F. J3D-DIAS combined red and green channels at different angles

Figure 2. 3D reconstructions using J3D-DIAS4.2 computer program. (a) Bitmap segmentation of HUVECs. (b) Threshold segmentation
of GFP-231 cells. (c) Stacked bitmap series of HUVEC networks. (d) Stacked threshold series of cells. (e) J3D-DIAS reconstructed red
(HUVEC) and green (MB-231) channels. (f) Combined red (HUVEC) and green (MB-231) J3D-DIAS reconstructions viewed at different
angles. (g) Rotation of combined red and green channels reconstructed at a 60° angle. The asterisk in f and g is a reference point for
rotation in panel G.



previously described [33,42]. In brief, 5 x 10* cells
were plated in each well of a 12 well plate and
allowed to attach overnight in growth medium. The
medium was then replaced with OptiMEM (Life
Sciences, Carlsbad, CA) for 24 h. To transform
cells, the medium was changed to 500 pl OptiMEM
medium supplemented with 20 pl of medium con-
taining 5 ul of Fugene (Promega, Madison, WI), 2 pug
of pLX-304-CD44 isoform 12 and 98 ul of OptiMEM.
Cells were allowed to grow overnight and maintained
in 10 ug/ml selection drug Blasticidin S (Enzo Life
Sciences, NY).

Immunostaining

Cells were immunostained as described elsewhere in detail
[31]. Briefly, cells were grown overnight on a coverslip in
a 20 mm Petri dish in growth medium, rinsed the
following day and fixed in 4% paraformaldehyde
(Electron  Microscopy  Sciences, Hatfield, PA).
Preparations were blocked in 1% BSA in TBS, pH7.6,
prior to treatment with 10 ug/mL of the anti-CD44 mAb
H4C4 (DSHB, http://dshb.biology.uiowa.edu and/or the
anti-RHAMM rabbit polyclonal. Following rinses, pre-
parations were counterstained with Alexa Fluor 488 goat
anti-mouse IgG (Jackson ImmunoResearch, West Grove,
PA) to visualize CD44 and goat-anti rabbit Alexa 647
(Jackson ImmunoResearch, West Grove, PA) to visualize
RHAMM.

Western blot analysis

Western blot analysis was performed as previously
described [43]. To detect RHAMM expression, rabbit

anti-RHAMM  (ThermoFisher  Scientific)  was
employed as primary antibody. Mouse anti-
hGAPDH (DSHB; http://dshb.biology.uiowa.edu)

antibody was used for loading control detection.
IRDye 800-conjugated goat anti-rabbit or goat anti-
mouse antibody (Li-Cor Biosciences, Lincoln, NE)
was used as a secondary antibody. Odyssey scanner
and software were used for detection and quantifica-
tion of immunoblots (Li-Cor Biosciences). RHAMM
expression levels were normalized to the GAPDH
loading control and values were determined from
three separate experiments.

Acquisition, culturing and vital dye staining of fresh
human tissue

Fresh human breast cancer tissue and matched normal
control tissue were obtained through The Breast
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Molecular Epidemiology Resource (BMER) through
the University of Iowa BMER study (IRB 20,100,379),
an Institutional Review Board-approved biospecimen
repository, and through approved Informed Consent
protocols signed by patients who chose to enroll.
Tissue samples were dissected into fragments and placed
in the wells of a 6 well plate in MCF medium. Once cell
growth was apparent, medium was exchanged every
3 days. Cells were harvested from the wells at 70-80%
confluency by trypsinization and transferred into T-75
tissue culture flasks. A stock solution of CellTracker™
Green CMRA (Thermo Fisher Scientific, Waltham, MA)
was prepared by dissolving 50 pg of the powder in 40 pl
DMSO, and the solution was stored at —20°C. The cells
were harvested at 70-80% confluency, and 5 x 10° cells
were centrifuged at 800 g for 10 min. The cell pellet was
resuspended in 1000 pl of RPMI medium without serum,
followed by the addition of 1.0 pl of the stock solution of
Green CMRA dye. The cell suspension was incubated for
30 minutes at 37°C in 5% CO,. The dyed cells were then
pelleted and resuspended in MCF medium and ice cold
Matrigel as described above. After gentle mixing, the
suspension was plated atop a HUVEC network, the latter
prepared as described above, and incubated for 60 min-
utes at 37°C in 5% CO,. MCF medium was then added to
the dish.

Mouse injections, harvesting tumors,
cryosectioning and cryostaining

All studies using mice were approved by the University
of Towa Institutional Animal Care and Use Committee
(IACUC) under Protocol 8,121,508 and in compliance
with Public Health Service Policy, Animal Welfare
Regulations and the Guide for the Care and Use of
Laboratory Animals. Female NOD.CB17-PRKDCSCID
/] mice were obtained from Jackson Labs and injected
at 6-8 weeks of age in the mammary fat pad with
2 x 10° MB-231-GFPcells suspended in 200 pl of sterile
PBS. Tumors that developed from GFP-MB-231 cells
were harvested and fixed in 4% paraformaldehyde for
formalin-fixed paraffin embedded (FFPE) sectioning or
embedded in optimal cutting temperature (OCT) com-
pound for cyrosectioning. FFPE sections were H&E
stained. To identify endothelial cells, OCT sections
were stained with a 1:20 dilution of anti-PECAM
(CD31) monoclonal antibody P2B1 (Developmental
Studies Hybridoma Bank (DSHB) http://dshb.biology.
uiowa.edu). Images were acquired in the University of
Iowa Central Microscopy Research Facilities utilizing
a Zeiss 710 confocal microscope.
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Results
Experimental strategy

The basic preparation for analyzing in 3D the behavior of
tumorigenic MB-231 cells in the vicinity of a HUVEC
network is diagrammed in Figure 1(a). To generate this
preparation, first a transparent thin lower Matrigel cush-
ion was cast in a culture dish, and a HUVEC suspension
then dispersed on top of the cushion. By 4 h, a 2D reti-
culated network of HUVECs formed atop the Matrigel
cushion (Figure 1(a)). The nodes and branches were
multicellular, and the branches appeared as multicellular
chords several cells thick. A suspension of MB-231 cancer
cells in cold, unpolymerized Matrigel, was then pipetted
over the HUVEC network, and the temperature increased
to 37°C, causing rapid polymerization of the Matrigel
upper layer, approximately 150 um thick containing the
randomly dispersed MB-231 cells. The preparation was

a. 2D images of HUVECs overlayed with

Matrigel
alone

MCF-10A cells MB-231 cells
in Matrigel in Matrigel

then positioned on the motorized stage of a laser scanning
confocal microscope (Figure 1(b)) and optically sectioned
at 2.5 pm increments, obtaining 60 optical sections
through 150 um in a two-minute period (Figure 1(c)).
The sections were imaged through three channels,
a differential interference contrast (DIC) channel, which
visualized both HUVECs and MB-231 cells, a red channel
which visualized exclusively HUVECs which were stained
with DeepRed dye, and a green channel which visualized
exclusively GFP-expressing MB-231 breast cancer cells
(Figure 1(d)). Optical sectioning was repeated every
10 minutes, providing a 4D (3D movie) presentation for
analysis. Multiple regions of the preparation were opti-
cally sectioned at each time point. In Figure 1(e), an
example of optical sections at one time point, at 10 um
increments through 40 um, is presented for one region of
the preparation. In Figure 1(f), Figure 3(d) LSCM recon-
structions were viewed at three angles. In Figure 1(g),

c. Percent decrease in network
surface area of HUVEC network
overlayed with Matrigel alone or
Matrigel plus cells

Il Vatrigel alone

100 MCF-10A in Matrigel
90 IMB-231 in Matrigel -pws——
48 hrs T
80 | ——
g 70 —
3
b. 3D reconstructions of HUVECs overlayed 8 60 —
with £
Matrigel MCF-10Acells MB-231 cells s =
alone in Matrigel in Matrigel < 40 T
20
10
24 hrs 0
24 hrs 48 hrs

Figure 3. Stability of the HUVEC network in the presence of MB-231 and MCF-10A cells. (a) Low magnification 2D brightfield images
of the HUVEC network viewed at 4 and 48 h, overlayed with Matrigel alone, Matrigel containing cells of the nontumorigenic breast
epithelial cell line MCF-10A, or Matrigel containing MB-231 cells. (b) J3D-DIAS reconstructions of HUVEC networks at 4, 24 and 48 hrs,
alone, overlaid with MCF-10A cells or overlaid with MB-231 cells. (c) Percent decrease of network surface area in the HUVEC network
was determined using J3D-DIAS bitmap reconstructions as described in the Methods.



a top view example is presented of an image produced by
combining z-projections of the DIC, green and red LSCM
channels. To generate computer-assisted 3D reconstruc-
tions, the red and green channels were imported into J3D-
DIAS and saved in the DIAS format [25,26,32,41,44].
Optical sections of the HUVEC network (red channel)
were traced by bitmap algorithms (i.e., raster graphics)
[45] (Figure 2(a,c)), while optical sections of the cancer
cells (green channel) were traced by threshold algorithms
[45] (Figure 2(b,d))). The optical sections in each case
were then connected in the z-axis using J3D-DIAS soft-
ware [32,41,44,46] (Figure 2(e)). The two reconstructions
(red HUVEC network and green cancer cells) were then
combined at each time point, and could be viewed at
different angles (Figure 2(f)) and/or rotated (Figure 2
(g)) to assess visually or quantitatively behavioral interac-
tions in 3D.

Stability of HUVEC network

The effectiveness of assessing over time the physical inter-
actions of MB-231 cells in the vicinity of the HUVEC
network hinged on the stability of the network. When
HUVEC networks were overlaid with Matrigel devoid of
cells, the networks remained relatively stable for at least
two days (48 hours) (Figure 3(a,b)). When HUVEC net-
works were overlaid with Matrigel containing cells of the
nontumorigenic, breast derived, noncancer cell line MCF-
10A [34], the network disassembled (Figure 3(a,b)).
When HUVEC networks were overlaid with Matrigel
containing cells of the tumorigenic breast cancer cell
line MB-231, the HUVEC network was relatively stable
for at least 48 hours, exhibiting some dissociation, but far
less than that exhibited under Matrigel containing MCF-
10A cells (Figure 3(a,b)). These observations were sup-
ported by computer-assisted measurements of the surface
areas of networks converted to mathematical models by
bitmap tracing at 24 and 48 hours of incubation. In the
absence of cells in the upper Matrigel layer, the surface
area of the multicellular HUVEC network decreased on
average by 17% and 28% by 24 and 48 hours, respectively
(Figure 3(c)). In the presence of nontumorigenic MCEF-
10A cells in the upper Matrigel layer, however, the surface
area of the multicellular HUVEC network decreased on
average by 75% and 90% by 24 and 48 hours, respectively
(Figure 3(c)). In the presence of MB-231 cells, the
decrease in surface area was 31% and 42% by 24 and
48 hours, respectively (Figure 3(c)), which, as we show,
was sufficient for analyses of network interactions with
MB-231 cells.
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MB-231 cells move toward and attach to HUVEC
networks

For each preparation of MB-231 cells (green) and
a HUVEC network (red), we generated LSCM
Z-projections, as in Figure 4(a), and, using J3D-DIAS
software, generated computer reconstructions, as in
Figure 4(b,c)). The regions of the preparation analyzed
included the HUVEC network on the Matrigel cushion
and the 3D region of the thick overlaid Matrigel region,
containing dispersed MB-231 cells in proximity to the
network. The depth of the reconstructed region was
approximately 150 pm. The diameter of the average
MB-231 cell body was 30 pum. The LSCM 3D images
facilitated assessments of cellular details, such as lamel-
lipodia, pseudopodia, filopodia and the shape of the cell
body, while J3D-DIAS computer reconstructions facili-
tated a clearer view of spatial relationships and mea-
surements of changes in cellular morphology and
translocation in time. Several characteristics of the
behavior of MB-231 in proximity to HUVEC networks
were evident (see Supplemental movie). By 47 to
48 hours of incubation, the majority of MB-231 cells
in the proximity of the HUVEC network had moved
actively and directionally toward the HUVEC network,
extending pseudopodia in the direction of the network
(Figure 4(a,b))). In Figure 4(a,b)), the same MB-231
cell, noted by a white arrow, extended a pseudopod
toward the network, then the cell body followed the
trajectory toward the network. By 47 to 48 hours, the
majority of cells originally in the proximity of the
HUVEC network had migrated to and adhered to the
HUVEC network (Figure 4(a-c)). Many cells from out-
side the imaged region moved into the region and also
accumulated on the HUVEC network (Figure 4(a-c)).
In Figure 4(c), numbered cells can be tracked over
a 40 hour period onto a HUVEC network. In Figure 5
(a), a representative example is presented of the biased
trajectory of the centroid (center of mass) of an MB-
231 cell in the direction of the HUVEC network. In this
example, the entire track is presented at each time
point, but the position of the cell body (green) is pre-
sented along the track at the time indicated on each
panel. The average velocity of MB-231 cells translocat-
ing toward HUVEC networks was 0.40 um/min (stan-
dard deviation 0.08 pm/min, N = 50). The majority of
MB-231 cancer cells initially in the proximity of the
HUVEC network moved to and adhered to the network
by 36 hours (Figure 4(a-c)). 68% of MB-231 cells
(N = 100) within 65 um of the network translocated
toward and adhered to the network, whereas 35% of
MB-231 cells (N = 100) at distances = 80 um, did not
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a. MB-231 breast cancer cells move through Matrigel and attach to
HUVEC networks. LSCM projections

b. Computer-assisted reconstructions of cells in panel A at different
angle and lower magnification. J3D-DIAS reconstructions

C. MB-231 cells coalesce and accumulate on the HUVEC network.
J3D-DIAS reconstructions
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Figure 4. MB-231 cells (green) in proximity of a HUVEC network (red) accumulate over time on the network. (a) LSCM projections
viewed from on top. (b) J3D-DIAS reconstruction viewed from on top. Arrow points to a cell moving onto a HUVEC network. (c) J3D-
DIAS reconstruction from a side angle. In panel C, cells are numbered to follow their trajectory over time.
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a. J3D-DIAS reconstructions with MB-231 translocation track

DIC, red
(HUVEC)
and green
(MB-231)
channels

Image
processsed
green
(MB-231)
channel

Image
processsed
red
(HUVEC)
channel

Figure 5. The majority of MB-231 cells moved in a persistent fashion toward the HUVEC network, forming filopodia that expanded
into pseudopods in the direction of the network. HUVEC cells targeted by the MB-231 cells, in turn extended a projection at the site
of contact with the MB-231 projection. (a) The translocation track of a MB-231 cell moving in the direction of a HUVEC network. The
cell body is positioned along the track as a function of time. The network and cell are J3D-DIAS reconstructions. (b) The formation of
an anterior filopodium by an MB-231 cell contacting a cell in the HUVEC network and the protrusion (pointed to by white arrow)
from the HUVEC cell in response. The network and cell are LSCM projections. Red, HUVEC network; green, MB-231 cell; yellow,

centroid track.

translocate or translocated in random directions. The
difference was significant (p-value 0.006 Student
T-test). Close scrutiny of LSCM images revealed that
MB-231 cells approximately two or more cell diameters

from the HUVEC network and translocating toward
the HUVEC network appeared to be connected to the
networks by a single filopodium, just at the threshold of
LSCM resolution. Filopodia have been shown to be as
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thin as 0.2 pum, or less, and as long as 70 um or more
[47], increasing the difficulty of reconstruction. In
Figure 5(b), an example is presented of a MB-231 two
cell aggregate attached to a HUVEC network by
a filopodium, that tracked the filopodium as the aggre-
gate translocated toward the network. The MB-231
filopodium contracted as the MB-231 aggregate
approached the HUVEC network, as is accentuated in
the time series of images processed for the green (MB-
231) channel (Figure 5(b)). At the filopodium contact
point on the targeted HUVEC, a projection was
extended by the HUVEC, which was accentuated in
the 36 through 52 hour images processed for the red
(HUVEC) channel (Figure 5(b)). In Figure 6, a second
example is presented of a MB-231 three cell aggregate
tracking a filopodium onto a HUVEC network. At
16 hours, the aggregate extended a filopodium toward
the network. By 30 hours, the cytoplasm of cell 1 had
translocated into the filopodium which was in contact
with a projection extended from the target HUVEC
(Figure 6). By 65 hours, the elongated cells had con-
tracted, drawing the MB-231 cell aggregate to the sur-
face of the HUVEC network (Figure 6). These results
demonstrate a complex set of cell interactions facili-
tated by a filopod of the MB-231 cell and a projection
of the HUVEC cell, that are involved in the directed
translocation of the MB-231 cell to the HUVEC
network.

Cells of the nontumorigenic breast cell line
MCF-10A do not accumulate on HUVEC networks

We previously demonstrated that nontumorigenic
breast-derived cell lines and cells from fresh normal
breast tissue do not translocate significantly or form
aggregates in Matrigel models of tumorigenesis [26—
28]. To support the suggestion that the behavior of
MB-231 cells in the proximity of HUVEC networks
may be specific to tumorigenic cells and involves direc-
ted movement rather than random collisions, we ana-
lyzed the behavior of cells of the nontumorigenic
mammary-derived non-cancer cell line MCF-10A in
the proximity of HUVEC networks. In our preparations
(Figure 1(a)), the MCF-10A cells remained nonmotile
and did not accumulate on the HUVEC networks
(Figure 7(a-c)). The lack of motility is evident in
a comparison of the positions of cells 1 through 8 at 0
and 47 hours, respectively, in the preparation in
Figure 7(b). Centroid tracks of MCF-10A cells were
clustered over the 47-hour period of analysis, suggest-
ing random changes in direction due to shape changes,
not active, persistent translocation (Figure 7(d)). It

Figure 6. A second, higher magnification example of an LSCM
image of a MB-231 filopodium directed toward a HUVEC net-
work, cell aggregation (cells 1,2,3) prior to contact with the
network, and a protrusion by the targeted HUVEC cell in
response to the MB-231 filopod. Time sequence between 16
and 65 hours of incubation. Green, MB-231 cell; red, HUVEC
network.
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a. Confocal images of non-tumorigenic MCF-10A c. J3D-DIAS reconstructions at
cells (green) in Matrigel overlayed onto 40° tilt
HUVECs (red)

d. J3D-DIAS centroid tracks and
faceted reconstructions of
representative MCF-10A cells

Figure 7. Breast-derived nontumorigenic MCF-10A cells do not translocate in a directed fashion toward HUVEC networks, supporting
the contention that tumorigenic MB-231 cells attach to HUVEC networks in an active and directed movement, not by random
collisions. MCF-10A cells not only fail to move to the HUVEC network, but also signal dissociation of the HUVEC network by a soluble
factor. (a) View from on top of an LSCM projection of MCF-10A cells and a HUVEC network over a 47 hour period of incubation. (b)
View at an angle of J3D-DIAS reconstructions of the preparation in panel A. Cells translocating along the HUVEC network are
numbered. (c) View from the side of J3D-DIAS reconstructions of the preparation in panel A. (d) An example of centroid tracks of
representative MCF-10A cells in the proximity of the HUVEC networks. MCF-10A cells are color-coded green in panels A-C.
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should be noted that the HUVEC network disaggre-
gated over the 47 hours of analysis (Figure 7(a-c)), as
noted in Figure 3(b). Similar results were obtained with
MCE-7 cells [48], a nonaggressive breast cancer cell line
with low metastatic potential [49]. These results sup-
port the suggestion that the accumulation of MB-231
cells on HUVEC networks involves directional, active
migration that may be specific to aggressive tumori-
genic breast cells.

Behavior of MB-231 cells attached to HUVEC
networks

In Figure 8(a), LSCM Z-projections of numbered cells
over a 28 hour period of analysis reveal the extent of
translocation of three numbered cells [1-3]. MB-231
cells not only translocated to HUVEC networks, but
they also adhered to and translocated along the
branches and nodes of the network. Once an MB-231
cell adhered to a HUVEQC, it rarely released, suggesting
strong adhesive interactions. Of 100 cancer cells that
migrated to and then adhered to a HUVEC network,
0% detached in the subsequent 17 to 36 hours of
incubation. Translocation by the adherent cells was
sporadic, switching between persistent, directed trans-
location along the branches, and stationary periods of
no net translocation (Figure 8(a,b))). The stationary
periods were accompanied by changes in cell shape
that led to small, random changes in the position of
the clustered cell centroids (Figure 8(b,c)). For the
centroid tracks in Figure 8(b,c)), the cell body was
reconstructed at the beginning of each track. The rate
of persistent single cell translocation averaged 0.73 pm/
min (£ 0.31 N = 20), twice the velocity of MB-231 cells
moving in a directed fashion toward a HUVEC net-
work in Matrigel. In most cases, the translocating cell
was tapered at its anterior end (Figure 8(b,c)). In
Figure 8(d)), we windowed in the absence of the sup-
porting HUVEC network, the track of a single MB-231
cell translocating on the surface of the HUVEC net-
work, to accentuate the cone-shaped anterior end of the
translocating cell along the persistent portion of the
track. In many cases, attached MB-231 cells clustered
along the HUVEC network (Figure 4(a)), but cells
exited these clusters, suggesting weaker attachments
between MB-231 cells contacting HUVECs than
between cells of tumorigenic cell lines aggregating in
Matrigel in the absence of other cell types [26-29].
Increased clustering of MB-231 cells at nodes compared
to branches may simply be the result of the increase in
area of the adhesive substrate.

MB-231 cells transiently penetrate into, migrate
within, exit from, and continue migrating on
HUVEC networks

Although the HUVECs in our model form
a multicellular reticulated network of nodes and
branches devoid of tubes, we found numerous exam-
ples of MB-231 cells penetrating the HUVEC cables
and nodes, crawling through the stacked HUVECs,
and then reemerging, as shown in the LSCM
Z-projection images combining the red (HUVEC) and
green (MB-231) channels in Figure 9. The penetrating
green MB-231 cell, pointed to by a white arrow,
extended an anterior pseudopod over a 30 minute per-
iod (26 hr to 26 hr 30 min), which penetrated the
HUVEC node (Figure 9(a)). The cell body followed
the pseudopod into the HUVEC node, becoming less
distinct and yellow due to the red HUVEC cells over-
lying the green MB-231 cell (26 hr 30 min to 28 hr;
Figure 9). The MB-231 cell migrated through the
HUVEC node for 1 hour and 20 minutes (26 hr
40 min to 28 hr), then extended a pseudopod out of
the HUVEC node at 28 hr 20 min and fully migrated
out onto the surface of the HUVEC node (28 hr 20 min
to 29 hr 10 min; Figure 9). The MB-231 cell continued
migrating atop the HUVEC network (29 hr 10 min to
29 hr 50 min). The cell migrated approximately five cell
diameters in three hours and 50 minutes (Figure 9). In
Figure 10, we have tracked a MB-231 cell migrating
into, through and out of a HUVEC node, imaged by
side views of LSCM 3D images. The centroid track is
presented as small white dots when the cell was on the
surface of the HUVEC network and by large blue dots
when migrating within the HUVEC node (Figure 10).
Again, the MB-231 cell penetrated the HUVEC layer,
migrated through the layer, bounded on all sides by
HUVEC cells, then exited to the surface of the HUVEC
layer (Figure 10). The rate of translocation was actually
faster within the HUVEC layer than in Matrigel. In the
same preparation, a cell marked with a black star,
moved under the HUVEC layer (Figure 10).

Antibodies against CD44 and RHAMM

The behavioral studies of MCF-10A cells in the
proximity of HUVEC networks suggested that accu-
mulation on the networks by MB-231 cells was due
to active and directed migration, rather than ran-
dom collisions. To explore this point further, we
tested the effects of Abs against two cell surface
molecules that play central and interactive roles in
cancer cell migration and adhesion, CD44 [27,46,47]
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a. MB- 231 ceIIs crawl on HUVEC network LSCM pro;ectlons

b. J3D-DIAS reconstructions and
centroid tracks of cells in B

c. J3D-DIAS faceted reconstruction and

centroid track of MB-231 cell crawling on
HUVEC network

d. J3D-DIAS reconstruction of persistent MB-231 translocation on HUVEC network

Figure 8. MB-231 cells attached to HUVEC networks translocate along the network branches in a persistent, directed fashion. (a)
Merged LSCM projection images of MB-231 over time, with select translocating cells numbered. (b) J3D-DIAS generated centroid
tracks plotted at 10 minute intervals of MB-231 cells translocating along HUVEC branches (cell 1 and 2) and node (cell 3) of a HUVEC
network. (c) A second example of a J3D-DIAS generated centroid track of an MB-231 cell translocating along a HUVEC branch. The
cell and HUVEC branch were reconstructed using facets. (d) Centroid track of a solitary MB-231 cell plotted at 10 minute intervals.
The cell reconstruction is presented at the beginning of the track in panels B and C and at time points in d.

and RHAMM [30,33,34]. Neither the anti-CD44
mAb H4C4, the anti-RHAMM polyclonal antibody
anti-RHAMM/CD168, or a combination of H4C4
and anti-RHAMM/CDI168, affected the stability of

the HUVEC networks over a 48 hour period,
between 24 and 72 hours of incubation (Figure 11
(a-c)), respectively), to a degree that would affect the
analysis of the behavior of MB-231 cells in the
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26 hr 20 min 26 hr 30min
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Figure 9. An example of an MB-231 cell that penetrates a HUVEC branch, crawls through the inside of a node, exits the node at an
opposing branch and finally resumes migration along the HUVEC branch. Penetration is mediated by an anterior pseudopod, as is
exits. A white arrow points to the cell of interest. LSCM projection images are presented.

proximity of HUVEC networks. Anti-CD44 did not
block the migration toward and adhesion to the
HUVEC network by MB-231 cells as is evident in
the 48 hour reconstruction period after migration
and adhesion in Figure 11(a), but anti-RHAMM
alone or in combination with the anti-CD44 mAb
blocked both migration toward and adhesion to the
HUVEC network (Figure 11(b,c)), respectively).
Either antibody, or a combination of the two, did
cause a decrease in velocity of cells translocating in
Matrigel (Figure 11(d)). The p-values, using the
Student’s T-test, for the comparison of anti-CD44,
anti-RHAMM and anti-CD44/anti-RHAMM treated
preparations with untreated preparations were 0.051,
0.047 and 0.010, suggesting that decreases in velocity
in Matrigel were significant. More noteworthy was
the effect on filopodium formation. Whereas the
anti-CD44 mAb had no effect on the extension of
filopodia from MB-231 cells to the HUVEC network
(Figure 11(f)), the anti-RHAMM mAb completely
blocked filopod extension (Figure 11(g)). These lat-
ter results support the suggestion that filopodia play

a major role in the directed movement of MB-231
cells toward HUVEC networks, and this process is
dependent on the cell surface molecule RHAMM.
Quantitative analysis of western blots performed in
triplicate revealed a 60% increase in RHAMM
expression in MB-231 cells as compared to the
level in MCF-10A cells, which behave like MB-231
cells treated with anti-RHAMM antibodies, support-
ing the suggestion that RHAMM plays a role in
orchestrating MB-231 interactions with the
HUVEC network.

In addition to inhibition studies with anti-CD44 and
anti-RHAMM Abs, we analyzed the behavior of
a transformant of MB-231 that overexpressed CD44
isoform12, MB-231 CD44°°. Western blots probed
with the anti-CD44 mAb, H4C4, and immunostaining
revealed that CD44°° cells expressed approximately
twice as much CD44 as parental MB-231 cells (supple-
mentary Figure S1A). In parental MB-231 cells, both
CD44 and RHAMM localized to the plasma membrane
(supplementary Figure S1B). In MB-231 CD44°° cells,
however, while CD44 localized to the plasma
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28 hr 40 min
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Figure 10. Side view of an MB-231 cell translocating along,
penetrating into, translocating inside, exiting and translocating
again along a HUVEC network. White arrow points to the
position of the MB-231 cell when on the surface of the
HUVEC network. Blue dot is the inferred position of the MB-
231 cell when the majority of the cell body was inside the
HUVEC cell mass. The LSCM images were selected from
a sequence generated over three and a half hours. MB-231
cell labeled with an asterisk (*) at 29 h 10 min moves under
the HUVEC branch.

membrane, RHAMM abnormally relocalized in the
cytoplasm, leaving the MB-231 cell surface devoid of
RHAMM (supplementary Figure SIB). MB-231 CD44°
cells did not migrate or adhere to HUVEC networks
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(Figure 11(d) and supplementary Figure S1C), and
exhibited a 70% decrease in velocity (Figure 11(e)).
They also did not extend filopodia. These results sup-
port the suggestion that cell surface RHAMM is essen-
tial for directed movement and adherence to a HUVEC
network by MB-231 cells.

Fresh breast tumor cell behavior

To assess whether the complex behaviors of MB-231 cells
interacting with HUVEC networks were specific to the
test cell line, or a general feature of breast cancer cells, we
analyzed cancer cells from fresh human mammary
tumors from three separate patients in our experimental
preparations. It should be noted that both CD44 [50,51]
and RHAMM [52] are expressed on the cell surface of
primary breast cancer cells. Tumor cells from all three
patient samples migrated through Matrigel to the
HUVEC networks, adhered to the HUVEC cells,
migrated along the surfaces of the network, and pene-
trated the networks, in a fashion similar to MB-231 cells.
In Figure 12(a), Example 1, a breast cancer cell, noted by
a white arrow, migrated on the surface of the HUVEC
network one cell length in 2.5 hours, and in Figure 12(b),
Example 2, two breast cancer cells noted by white arrows
penetrated HUVEC network branches. These results
indicate that the behavioral interactions of MB-231 cells
with HUVEC networks are representative of the behavior
of fresh breast cancer cells.

MB-231 cells interact with tumor blood capillaries
in vivo

To test whether MB-231 cells interact with blood capil-
laries in tumors formed in vivo, we analyzed tumors
formed in mammary fat pads of mice by MB-231 cells.
The MB-231 cells were transfected with a GFP-
expressing plasmid. When palpable tumors formed
after four weeks, mice were euthanized, the tumors
excised, fixed, cryosectioned and stained with both the
anti-PECAM mAb CD31, P2B1, to visualize endothelial
cells (red) [53] and DAPI to visualize nuclei (blue).
Transfected MB-231 cells fluoresced green. Although
green MB-231 cells were distributed throughout the
tumor, they also attached to the outer surface of
blood vessels in the mouse mammary fat pad tumor
(Figure 12(b)). The MB-231 cells bound to capillaries
were morphologically asymmetric, a characteristic of
motile MB-231 cells attached to HUVECs in our
in vitro preparations.
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Figure 11. The effects of anti-CD44 and anti-RHAMM on the behavior of MB-231 cells in the proximity of a HUVEC network. (a,b,c)
J3D-DIAS reconstructions of MB-231 cells and HUVEC networks, between 24 and 72 hours of incubation, treated with anti-CD44 mAb
(H4C4), anti-RHAMM pAb (anti-RHAMM/CD168), and a combination of the two Abs, respectively. (d) J3D-DIAS reconstructions of MB-
231 cells overexpressing CD44 (MB-231 CD44°°) in proximity of HUVEC networks. (e) Velocity of MB-231 cells, antibody treated cells
and CD44 overexpressor cells in the vicinity of a HUVEC network. Single cell velocity of untreated MB-231 cells, and MB-231 cells
treated with anti-CD44 mAb, anti-RHAMM pAb, a combination of the two antibodies, and MB-231 cells overexpressing CD44. Values
provided are means + standard deviations. P-values against normal, untreated MB-231 cells were computed by Student’s t-test. (f)
Representative MB-231 cells treated with anti-CD44 mAb form filopodia toward HUVECs. (g) Representative MB-231 cells treated
with anti-RHAMM pAb do not form filopodia toward HUVECs.
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a. Fresh human breast cancer cells interact with HUVEC network in vitro.
LSCM projections

Example 1

Example 2
e %

Figure 12. Fresh human breast cancer cells interact with HUVEC networks like MB-231 cells, and MB-231 cells in an MB-231 tumor
generated in a mouse interact with tumor blood capillaries. (a) Fresh human breast cancer cells vitally stained with Green CMRA
(green) in the proximity of a HUVEC network (red). Example 1, a human cancer cell translocating on the surface of a HUVEC branch.
Example 2, human breast cancer cells penetrating the network (arrows point to the two cells). (b) Histological sections of MB-231
cells adhering to blood vessels in a tumor formed by MB-231 cells in a mouse mammary fat pad. MB-231 cells express GFP
constitutively (green); nuclei are stained blue with DAPI; blood vessel cells are stained red with an anti-PECAM mAb.
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Discussion

Interactions between cancer cells and endothelial cells
play two major roles in cancer progression. First, they
play a role in the vascularization of tumors, in order to
supply nutrients and oxygen, and remove metabolic
waste and CO,, processes necessary for tumor viability
and growth [54-56]. Second, interactions between can-
cer and endothelial cells play a major role in metastasis
[57]. Metastatic cells shed from tumors migrate to and
intravasate blood vessels, a process facilitated by
macrophages [58]. Intravasated cancer cells are then
swept by blood flow to specific anatomical locations,
where they extravasate through the vessel walls, enter-
ing body locations to form secondary tumors [5,59].
While there has been intense investigation of the reg-
ulatory, cell surface and signal molecules involved in
adhesion during both the vascularization of tumors
[60-64] and cancer cell intravasation of blood and
lymph vessels [65-70], the dynamic behavior of inter-
acting cancer and endothelial cells in a 3D matrix has
received much less attention. This deficit is in part due
to the underutilization of computer-assisted 3D recon-
struction systems of live cells over time. We have,
therefore, begun to develop transparent 3D prepara-
tions, and LSCM and computer-assisted reconstruction
techniques, that facilitate in vitro investigations of cel-
lular behaviors basic to tumorigenesis and metastasis.
We first applied these methods to analyze cancer cells
in a transparent 3D Matrigel environment in the
absence of other cell types, and identified specialized
behaviors and unique cell types which mediated aggre-
gate coalescence preceding spherule formation [26,28].
We also demonstrated using this model that a minority
of cancer cells can recruit nontumorigenic cells into the
tumor-like aggregates, a possible explanation for the
cellular heterogeneity of tumors [27]. The model was
then used to test the activity of 266 mAbs primarily
against cell surface molecules, for their ability to block
aggregation in a 3D Matrigel matrix [31]. Of the 266
tested mAbs, only those against the two components of
integrin a3pl and against CD44 exhibited blocking
activity [31]. Recently, the model was employed to
assess interactions between breast cancer cells and
fibroblasts [29]. The results revealed both reciprocal
signaling and direct physical interactions [29]. Here,
we have used this general model to assess the beha-
vioral interactions between breast cancer cells and mul-
ticellular reticulated networks of human umbilical vein
endothelial cells (HUVECs). In contrast to our previous
studies, we added laser scanning confocal microscopy,
which allowed us to import optical sections of differ-
entially colored MB-231 cells and HUVECs through

multiple channels. These images could then be used
to generate LSCM 3D images of live cells over time,
or by bitmap algorithms and edge detection, 3D recon-
structions of the HUVEC network and MB-231 cells
over time. The latter J3D-DIAS reconstructions could
be used to quantitate behavior.

MB-231 cell behavior in the 3D model

Mammary tumor-derived MB-231 cells dispersed in
a 3D Matrigel environment in the absence of
HUVECs were motile, but nondirectional and did not
coalesce into large aggregates during the initial
72 hours of analysis [26]. When in the vicinity of
a HUVEC network, however, MB-231 cells moved in
a directed fashion toward, and attached to, the reticu-
lated multicellular HUVEC network within 8 hours of
incubation. Directional movement toward the network
proceeded within a distance of approximately 60 pum
from the network, a distance of roughly three or more
cell diameters. The Matrigel region in this zone became
relatively devoid of MB-231 cells as they translocated
toward and attached to the static HUVEC network.
These behavioral characteristics differed markedly
from those of MB-231 cells that are dispersed above
a fibroblast monolayer [29]. In contrast to the stable
network of HUVECs, the fibroblasts moved up from
their network into the upper Matrigel layer and physi-
cally interacted with MB-231 cells, serving as scaffolds
for MB-231 aggregation [29]. The mechanism of direc-
tional migration of MB-231 cells toward the HUVEC
network in the in vitro model described here, could be
due to chemotaxis, to a tactile mechanism, or to
a combination of the two. In a positive chemotactic
system, HUVECs would release a gradient of chemoat-
tractant and the MB-231 cells would migrate up this
gradient, in the direction of increasing chemoattractant
concentration, by the biased extension of an anterior
pseudopod or leading edge in the direction of the
HUVEC network [71,72]. Vascular endothelial cells
have been shown in vitro to release chemoattractants
to which cancer cells respond by positive chemotaxis
[73]. In an alternative tactile mechanism, filopodia
which contact HUVECs would act as tactile sensors
[74], expanding into pseudopods and directing cellular
translocation toward the targeted HUVEC network
[26,75]. Filopodia are actin-filled projections that can
have diameters of 0.2 pm, extend up to three cell
diameters in length [76] and expand into pseudopods
[77]. Actin is organized in filopodia as bundles of
unbranched filaments [78-80]. Our results suggest
a tactile role for filopodia in directing MB-231 cell
migration toward endothelial networks, but do not



rule out an additional role for chemotaxis. Rather than
function as a cable that is reeled into the HUVEC
network, our observations suggest that the cell body
expands into the attached filopod, by this means track-
ing its trajectory toward the HUVEC to which the
filopod is attached. Our results also suggest that filopod
contact elicits the endothelial target cell to extend
a projection in the direction of the incoming MB-231
cell. Due to the low resolution of filopodia, we were
unable to discriminate between filopod chemotaxis ver-
sus tactile filopod tracking. The behavior of a MB-231
cell moving toward, attaching to a HUVEC network,
penetrating the network, translocating through the net-
work and then exiting the network, is modeled in
Figure 13.

Behavior of MB-231 cells that attach to HUVEC
networks

Both LSCM projections and J3D-DIAS reconstructions
over time of live preparations revealed several beha-
vioral characteristics of MB-231 cells after they have
attached to HUVEC networks. First, once attached to
the HUVEC network, MB-231 cells do not readily
detach, suggesting that the adhesion forces to
HUVECs are very strong. A number of endothelial
adhesion molecules have been implicated in cancer cell-
endothelium adhesion, including selectins, immunoglo-
bulins, integrins and other binding proteins [59].
Second, although MB-231 cells attach tightly to the
endothelial network, they are still highly motile, mov-
ing along the surface of network branches and nodes in
a persistent fashion, stopping periodically. Small aggre-
gates of MB-231 cells form on the HUVEC network,
but motile cells frequently exit the aggregates, translo-
cating along the network. Third, the HUVEC network
appears static during attached MB-231 migration, sug-
gesting that HUVECGs function as a static scaffold for
cancer cell migration. Fourth, MB-231 cells can pene-
trate HUVEC networks, translocate through them or
under them, then reemerge and continue migration
along the surface of the HUVEC networks
(Figure 13). MB-231 cell penetration is mediated by
an anterior pseudopod, or invadopod [81,82], that
penetrates the multicellular endothelial network.
Exiting the HUVEC network also appears to involve
initially the appearance of the anterior pseudopod, fol-
lowed by the cell body (Figure 13). These behaviors
may in part mimic those of intravasation and extrava-
sation during metastasis. Although the branches of the
HUVEC network have been referred to as tubular [83],
we saw no evidence in LSCM optical sections of tubular
structure, and have assumed that the network, like
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capillary endothelial cells, maintains multicellular
integrity through tight junctions [84,85]. It should be
noted that the outside endothelial wall of capillaries is
coated by basement membrane [86,87] which is similar
in composition to Matrigel [88].

The roles of CD44 and RHAMM

Studies show that CD44, a hyaluronic acid (HA) binding
transmembrane glycoprotein, forms a complex with the
nonintegral cell surface protein RHAMM [89-92] to
promote tumor cell migration [93,94], and both may be
upregulated in breast cancer [95,96]. Here, we tested the
effects of mAbs against CD44 and RHAMM on MB-231
breast cancer cell behavior in our model. We observed
that the relatively rapid motility along endothelial cells by
MB-231 cancer cells was inhibited by treatment with
antibodies against CD44 and RHAMM, and that the
combinatorial effect on MB-231 cell velocity in Matrigel
was greater than the effect of each Ab alone. Importantly,
we noted that filopod formation was specifically inhibited
in the presence of anti-RHAMM antibody, but not in the
presence of anti-CD44 antibody, consistent with the
reported stabilization of filopodia by RHAMM in squa-
mous carcinoma cells [97]. Furthermore, we observed
that over-expression of CD44 in MB-231 cells (MB-231
CD44°°) resulted in depletion of RHAMM from the
membrane, loss of filopodia and concomitant inhibition
of MB-231 cell behavior on HUVEC networks. Taken
together, these data support the conclusion that
a stoichiometric interaction between CD44 and
RHAMM on the membrane is required to initiate inva-
sive behaviors of cancer cells, and that an imbalance
between the two may abrogate cancer cell metastatic
potential, at least in part through the inhibition of filopod
formation that arises, in turn, from the inactivation or
mislocalization of RHAMM.

Concluding remarks

In fixed sections of mouse mammary tumors formed by
MB-231 cells, the MB-231 cells adhered to the outer
surface of blood capillaries and exhibited the amorphic
and elongate shapes of motile cells attached to HUVEC
networks (Figure 12). Moreover, we found that fresh
human breast cancer cells translocated to, adhered to,
penetrated, translocated through and exited from
HUVEC networks in our basic preparation. These
results suggest that the behaviors described in our
in vitro model may be representative of behaviors by
breast cancer cells interacting with endothelial cells in
the process of metastasis. This model provides not only
a high resolution dynamic description of breast cancer-
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endothelial cell interactions, but also a vehicle for asses-
sing the precise effect of antibodies against surface
molecules involved in specific behaviors, such as direc-
ted movement facilitated by filopodia. However, the
model we are developing is amenable to improvement,
first by adding additional cell types found in natural
tumors, such as macrophages and fibroblasts,
and second by generating HUVEC tubules, such as
those successfully formed in microfluidic cham-
bers [15].

Acknowledgments

These studies were supported mainly by the Developmental
Studies Hybridoma Bank, a National Resource created by
NIH and housed at the University of Iowa. We are grateful
to Melissa Curry, Translational Research Coordinator for The
Breast Molecular Epidemiology Resource (BMER) and
Kristen Coleman, manager of the Tissue Procurement Core,
at the University of Iowa Hospitals and Clinics for assistance
in locating breast cancer tissue. Biopsy research reported in
this publication was supported in part by the National Cancer
Institute of the National Institutes of Health under Award



Number P30CA086062. The content is solely the responsi-
bility of the authors and does not necessarily represent the
official views of the National Institutes of Health. The authors
would like to acknowledge use of the University of Iowa
Central Microscopy Research Facility, a core resource sup-
ported by the University of Iowa Vice President for Research,
and the Carver College of Medicine. The Zeiss 710 confocal
microscope in the University of Iowa Central Microscopy
Research Facility was purchased with funding from the NIH
SIG grant S10 RR025439-01.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the National Cancer Institute
[P30CA086062] and the Developmental Studies Hybridoma
Bank.

ORCID

Deborah J. Wessels
Daniel F. Lusche
Michael Dailey
Sonia L. Sugg
Sneha Phadke
Amani Bashir
David R. Soll

http://orcid.org/0000-0003-2232-894X
http://orcid.org/0000-0002-8848-4198

http://orcid.org/0000-0003-2962-4661
http://orcid.org/0000-0001-7530-8526
http://orcid.org/0000-0002-9829-1066
http://orcid.org/0000-0002-7239-3662
http://orcid.org/0000-0002-5059-0315

References

[1] Ferlay ], Soerjomataram I, Dikshit R, et al. Cancer
incidence and mortality worldwide: sources, methods
and major patterns in GLOBOCAN 2012. Int J Cancer.
2015;136(5):E359-E386.

[2] Jemal A, Bray F, Center MM, et al. Global cancer
statistics. CA Cancer J Clin. 2011;61(2):69-90.

[3] Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019.
CA Cancer J Clin. 2019;69(1):7-34.

[4] Vanharanta S, Massague J. Origins of metastatic traits.
Cancer Cell. 2013;24(4):410-421.

[5] Pantel K, Brakenhoff RH. Dissecting the metastatic
cascade. Nat Rev Cancer. 2004;4(6):448-456.

[6] Ginter PS, Karagiannis GS, Entenberg D, et al. Tumor
Microenvironment of Metastasis (TMEM) doorways
are restricted to the blood vessel endothelium in both
primary breast cancers and their lymph node
metastases. Cancers (Basel). 2019;11(10):1507.

[7] Chitty JL, Filipe EC, Lucas MC, et al. Recent advances
in understanding the complexities of metastasis.
F1000Res. 2018;7:1169.

[8] Kalluri R, Weinberg
epithelial-mesenchymal
2009;119(6):1420-1428.

[9] Baccelli I, Schneeweiss A, Riethdorf S, et al
Identification of a population of blood circulating
tumor cells from breast cancer patients that initiates

RA.
transition.

The basics of
J Clin Invest.

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

CELL ADHESION & MIGRATION e 245

metastasis in a xenograft assay. Nat Biotechnol. 2013;31
(6):539-544.

Banys-Paluchowski M, Krawczyk N, Meier-Stiegen F,
et al. Circulating tumor cells in breast cancer—current
status and perspectives. Crit Rev Oncol Hematol.
2016;97:22-29.

Chambers AF, Groom AC, MacDonald IC.
Dissemination and growth of cancer cells in metastatic
sites. Nat Rev Cancer. 2002;2(8):563-572.

Lambert AW, Pattabiraman DR, Weinberg RA.
Emerging biological principles of metastasis. Cell.
2017;168(4):670-691.

Wyckoff JB, Wang Y, Lin EY, et al. Direct visualization
of macrophage-assisted tumor cell intravasation in
mammary tumors. Cancer Res. 2007;67(6):2649-2656.
Robinson BD, Sica GL, Liu YF, et al. Tumor micro-
environment of metastasis in human breast carcinoma:
a potential prognostic marker linked to hematogenous
dissemination. Clin Cancer Res off ] Am Assoc Cancer
Res. 2009;15(7):2433-2441.

Chen MB, Whisler JA, Frose J, et al. On-chip human
microvasculature assay for visualization and quantifi-
cation of tumor cell extravasation dynamics. Nat
Protoc. 2017;12(5):865-880.

Arwert EN, Harney AS, Entenberg D, et al
A unidirectional transition from migratory to perivas-
cular macrophage is required for tumor cell
intravasation. Cell Rep. 2018;23(5):1239-1248.
Lugassy C, Zadran S, Bentolila LA, et al. Angiotropism,
pericytic mimicry and extravascular migratory metas-
tasis in melanoma: an alternative to intravascular can-
cer dissemination. Cancer microenvironment: official
journal of the International Cancer Microenvironment
Society. 2014;7(3):139-152.

Moy AP, Duncan LM, Muzikansky A, et al
Angiotropism in primary cutaneous melanoma is asso-
ciated with disease progression and distant metastases:
a retrospective study of 179 cases. ] Cutan Pathol.
2019;46(7):498-507.

Lugassy C, Vernon SE, Warner JW, et al. Angiotropism of
human prostate cancer cells: implications for extravascular
migratory metastasis. BJU Int. 2005;95(7):1099-1103.
Fedda F, Migden MR, Curry JL, et al. Angiotropism in
recurrent cutaneous squamous cell carcinoma: implica-
tions for regional tumor recurrence and extravascular
migratory spread. ] Cutan Pathol. 2019;46:152-158.
Fornabaio G, Barnhill RL, Lugassy C, et al
Angiotropism and extravascular migratory metastasis
in cutaneous and uveal melanoma progression in
a zebrafish model. Sci Rep. 2018;8(1):10448.

Chen CC, Chen LL, Hsu YT, et al. The
endothelin-integrin axis is involved in
macrophage-induced breast cancer cell chemotactic
interactions with endothelial cells. J Biol Chem.
2014;289(14):10029-10044.

Wang S, Liang K, Hu Q, et al. JAK2-binding long
noncoding RNA promotes breast cancer brain
metastasis. ] Clin Invest. 2017;127(12):4498-4515.
Zhang W, Xu J, Fang H, et al. Endothelial cells pro-
mote triple-negative breast cancer cell metastasis via
PAI-1 and CCL5 signaling. FASEB J. 2018;32
(1):276-288.



246 e D. J. WESSELS ET AL.

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

Kuhl S, Voss E, Scherer A, et al. 4D Tumorigenesis model
for quantitating coalescence, quantitating directed cell
motility and chemotaxis, identifying unique cell beha-
viors and testing anti-cancer drugs. In: (Hereld D, Jin T,
editors. Chemotaxis: Methods and Protocols. Springer
Science+Busness Media NewYork; 2016;229-250.
Scherer A, Kuhl S, Wessels D, et al. A
computer-assisted 3D model for analyzing the aggrega-
tion of tumorigenic cells reveals specialized behaviors
and unique cell types that facilitate aggregate
coalescence. PloS One. 2015;10(3):e0118628.

Ambrose J, Livitz M, Wessels D, et al. Mediated coa-
lescence: a possible mechanism for tumor cellular
heterogeneity. Am J Cancer Res. 2015;5:3485-3504.
Wessels D, Lusche DF, Voss E, et al. Melanoma cells
undergo aggressive coalescence in a 3D Matrigel model
that is repressed by anti-CD44. PloS One. 2017;12(3):
€0173400.

Wessels DJ, Pradhan N, Park YN, et al. Reciprocal
signaling and direct physical interactions between
fibroblasts and breast cancer cells in a 3D
environment. PloS One. 2019;14(6):e0218854.
Maxwell CA, Benitez J, GOmez-Baldé L, et al., .
Interplay between BRCA1 and RHAMM regulates
epithelial apicobasal polarization and may influence
risk of breast cancer. PLoS Biol. 2011;9(11):e1001199.
Lusche DF, Klemme MR, Soll BA, et al. Integrin a-3 8-
I’s central role in breast cancer, melanoma and glio-
blastoma cell aggregation revealed by antibodies with
blocking activity. mAbs. 2019;11(4):691-708.

Wessels DJ, Lusche DF, Kuhl S, et al. Quantitative
motion analysis in two and three dimensions.
Methods Mol Biol. 2016;1365:265-292.

Lusche DF, Buchele EC, Russell KB, et al
Overexpressing TPTE2 (TPIP), a homolog of the
human tumor suppressor gene PTEN, rescues the
abnormal phenotype of the PTEN-/- mutant
Oncotarget. 2018;9(30):21100-21121.

Soule HD, Maloney TM, Wolman SR, et al. Isolation
and characterization of a spontaneously immortalized
human breast epithelial cell line, MCF-10. Cancer Res.
1990;50:6075-6086.

Arnaoutova I, George ], Kleinman HK, et al. The
endothelial cell tube formation assay on basement
membrane turns 20: state of the science and the art.
Angiogenesis. 2009;12(3):267-274.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image
to ImageJ: 25 years of image analysis. Nat Methods.
2012;9(7):671-675.

Soll DR, Voss E, Johnson O, et al. Three-dimensional
reconstruction and motion analysis of living, crawling
cells. Scanning. 2000;22(4):249-257.

Soll DR, Voss E, Wessels D, et al. Computer-
Assisted systems for dynamic 3D reconstruction
and motion analysis of living cells. In: (Shorte §,
Frischknecht F, editors. Imaging cellular and mole-
cular biological functions. Berlin: Springer-Verlag;
2007. p. 365-384.

Soll DR, Wessels D, Heid PJ, et al. Computer-assisted
reconstruction and motion analysis of the
three-dimensional  cell. Scientific ~ World J.
2003;3:827-841.

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]
(55]

(56]

Lorensen WE, Cline HE. Marching cubes: a high reso-
lution 3D surface construction algorithm. ACM
SIGGRAPH Comput Graphics. 1987;21(4):163-169.
Wessels D, Kuhl S, Soll DR. 2D and 3D quantitative
analysis of cell motility and cytoskeletal dynamics.
Methods Mol Biol. 2009;586:315-335.

Lusche DF, Wessels DJ, Reis RJ, et al. New monoclonal
antibodies that recognize an unglycosylated, conserved,
extracellular region of CD44 in vitro and in vivo, and
can block tumorigenesis. PloS One. 2021;16(4):
€0250175.

Sanchez P, Daniels K], Park YN, et al. Generating
a battery of monoclonal antibodies against native
green fluorescent protein for immunostaining, FACS,
IP, and ChIP using a unique adjuvant. Monoclon Antib
Immunodiagn Immunother. 2014;33(2):80-88.
Wessels D, Kuhl S, Soll DR. Application of 2D and 3D
DIAS to motion analysis of live cells in transmission
and confocal microscopy imaging. Methods Mol Biol.
2006;346:261-279.

Kaur D, Kaur Y. Various image segmentation techni-
ques: a review. International Journal of Computer
Science and Mobile Computing. 2014;3:809-814.

Soll D, Voss E. Two and three dimensional computer
systems for analyzing how cells crawl. In: Soll D,
Wessels D, editors. Motion analysis of living cells.
New York: John Wiley, Inc; 1998. p. 25-52.

Jacinto A, Wolpert L. Filopodia. Curr Biol. 2001;11
(16):R634.

Hendrix M]J, Seftor EA, Seftor RE, et al. Experimental
co-expression of vimentin and keratin intermediate
filaments in human breast cancer cells results in phe-
notypic interconversion and increased invasive
behavior. Am ] Pathol. 1997;150:483-495.

Hendrix MJ, Seftor EA, Chu YW, et al. Role of inter-
mediate filaments in migration, invasion and
metastasis. Cancer Metastasis Rev. 1996;15(4):507-525.
Kaufmann M, Heider KH, Sinn HP, et al. CD44 variant
exon epitopes in primary breast cancer and length of
survival. Lancet. 1995;345(8950):615-619.

Nushtaeva AA, Stepanov GA, Semenov DV, et al
Characterization of primary normal and malignant
breast cancer cell and their response to chemotherapy
and immunostimulatory agents. BMC Cancer. 2018;18
(1):728.

Wang C, Thor AD, Moore DH 2nd, et al. The over-
expression of RHAMM, a hyaluronan-binding protein
that regulates ras signaling, correlates with overexpres-
sion of mitogen-activated protein kinase and is
a significant parameter in breast cancer progression.
Clin Cancer Res off ] Am Assoc Cancer Res.
1998;4:567-576.

Brooks PC, Stromblad S, Klemke R, et al. Antiintegrin
alpha v beta 3 blocks human breast cancer growth and
angiogenesis in human skin. J Clin Invest. 1995;96
(4):1815-1822.

Carmeliet P, Jain RK. Angiogenesis in cancer and other
diseases. Nature. 2000;407(6801):249-257.

Dudley AC. Tumor endothelial cells. Cold Spring Harb
Perspect Med. 2012;2(3):a006536.

Hanahan D, Weinberg RA. Hallmarks of cancer: the
next generation. Cell. 2011;144(5):646-674.



(571

(58]

(59]

(60]

[61]

(62]

(63]

[64]

[65]

(66]

(67]

(68]

[69]

(70]

(71]

(72]

(73]

De Sanctis F, Ugel S, Facciponte J, et al. The dark side
of tumor-associated endothelial cells. Semin Immunol.
2018;35:35-47.

Wryckoff ], Wang W, Lin EY, et al. A paracrine loop
between tumor cells and macrophages is required for
tumor cell migration in mammary tumors. Cancer Res.
2004;64(19):7022.

Orr FW, Wang HH, Lafrenie RM, et al. Interactions
between cancer «cells and the endothelium in
metastasis. ] Pathol. 2000;190(3):310-329.

Kobayashi H, Boelte KC, Lin PC. Endothelial cell adhe-
sion molecules and cancer progression. Curr Med
Chem. 2007;14(4):377-386.

Krsti¢ M, Stojanovi¢ NM, Stojnev S, et al. Interplay
between STAT3, «cell adhesion molecules and
angiogenesis-related parameters in gastric carcinoma.
Does STAT?3 really have a prognostic Value? Medicina
(Kaunas). 2019;55:1-10.

Lee TH, Avraham HK, Jiang S, et al. Vascular endothe-
lial growth factor modulates the transendothelial
migration of MDA-MB-231 breast cancer cells through
regulation of brain microvascular endothelial cell
permeability. ] Biol Chem. 2003;278(7):5277-5284.
Shimizu T, Kurozumi K, Ishida J, et al. Adhesion
molecules and the extracellular matrix as drug targets
for glioma. Brain Tumor Pathol. 2016;33(2):97-106.
Sokeland G, Schumacher U. The functional role of
integrins during intra- and extravasation within the
metastatic cascade. Mol Cancer. 2019;18(1):12.
Sharma R, Sharma R, Khaket TP, et al. Breast cancer
metastasis: putative therapeutic role of vascular cell
adhesion molecule-1. Cell Oncol (Dordr). 2017;40
(3):199-208.

Brown M, Assen FP, Leithner A, et al. Lymph node
blood vessels provide exit routes for metastatic tumor
cell dissemination in mice. Science. 2018;359
(6382):1408-1411.

Paduch R. The role of lymphangiogenesis and angio-
genesis in tumor metastasis. Cell Oncol (Dordr).
2016;39(5):397-410.

Ramis-Conde I, Chaplain MA, Anderson AR, et al
Multi-scale modelling of cancer cell intravasation: the
role of cadherins in metastasis. Phys Biol. 2009;6
(1):16008.

van Zijl F, Krupitza G, Mikulits W. Initial steps of
metastasis: cell ~ invasion and  endothelial
transmigration. Mutat Res. 2011;728(1-2):23-34.
Zavyalova MV, Denisov EV, Tashireva LA, et al
Intravasation as a key step in cancer metastasis.
Biochemistry (Mosc). 2019;84(7):762-772.

Stuelten CH, Parent CA, Montell DJ. Cell motility
in cancer invasion and metastasis: insights from
simple model organisms. Nat Rev Cancer. 2018;18
(5):296-312.

Varnum B, Soll DR. Effects of cAMP on single cell
motility in Dictyostelium. ] Cell Biol. 1984;99
(3):1151-1155.

Leung E, Xue A, Wang Y, et al. Blood vessel
endothelium-directed tumor cell streaming in breast
tumors requires the HGF/C-Met signaling pathway.
Oncogene. 2017;36(19):2680-2692.

(74]

(75]

(76]

(771

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

(90]

(91]

[92]

CELL ADHESION & MIGRATION e 247

Cojoc D, Difato F, Ferrari E, et al. Properties of the
force exerted by Filopodia and Lamellipodia and the
involvement of cytoskeletal components. PloS One.
2007;2(10):e1072.

Jacquemet G, Hamidi H, Ivaska J. Filopodia in cell
adhesion, 3D migration and cancer cell invasion.
Curr Opin Cell Biol. 2015;36:23-31.

Arjonen A, Kaukonen R, Ivaska J. Filopodia and adhe-
sion in cancer cell motility. Cell Adh Migr. 2011;5
(5):421-430.

You R, Li X, Liu Y, et al. Response of filopodia and
lamellipodia to surface topography on micropatterned
silk fibroin films. ] Biomed Mater Res A.
2014;102:4206-4212.

Lewis AK, Bridgman PC. Nerve growth cone lamelli-
podia contain two populations of actin filaments that
differ in organization and polarity. J Cell Biol. 1992;119
(5):1219-1243.

Small JV, Stradal T, Vignal E, et al. The lamellipodium:
where motility begins. Trends Cell Biol. 2002;12
(3):112-120.

Svitkina TM, Borisy GG. Progress in protrusion: the
tell-tale scar. Trends Biochem Sci. 1999;24
(11):432-436.

Eddy RJ, Weidmann MD, Sharma VP, et al. Tumor cell
invadopodia: invasive protrusions that orchestrate
metastasis. Trends Cell Biol. 2017;27(8):595-607.
Linder S, Wiesner C, Himmel M. Degrading devices:
invadosomes in proteolytic cell invasion. Annu Rev
Cell Dev Biol. 2011;27(1):185-211.

Francescone RA 3rd, Faibish M, Shao R. 2011. A
Matrigel-based tube formation assay to assess the vas-
culogenic activity of tumor cells. J Vis Exp. 55. DOL
10.3791/3040.

Bazzoni G, Dejana E. Endothelial cell-to-cell junctions:
molecular organization and role in vascular
homeostasis. Physiol Rev. 2004;84(3):869-901.
Lapenna A, De Palma M, Lewis CE. Perivascular
macrophages in health and disease. Nat Rev
Immunol. 2018;18(11):689-702.

Eble JA, Niland S. The extracellular matrix in tumor
progression and metastasis. Clin Exp Metastasis.
2019;36:171-198.

Simon-Assmann P, Orend G, Mammadova-Bach E,
et al. Role of laminins in physiological and pathological
angiogenesis. Int ] Dev Biol. 2011;55(4-5):455-465.
Kleinman HK, Martin GR. Matrigel: basement mem-
brane matrix with biological activity. Semin Cancer
Biol. 2005;15(5):378-386.

Day AJ, Prestwich GD. Hyaluronan-binding proteins:
tying up the giant. ] Biol Chem. 2002;277(7):4585-4588.
Mele V, Sokol L, Kolzer VH, et al The
hyaluronan-mediated motility receptor RHAMM pro-
motes growth, invasiveness and dissemination of color-
ectal cancer. Oncotarget. 2017;8(41):70617-70629.

Misra S, Hascall VC, Markwald RR, et al. Interactions
between Hyaluronan and its receptors (CD44,
RHAMM) regulate the activities of inflammation and
cancer. Front Immunol. 2015;6:201.

Turley EA, Austen L, Vandeligt K, et al. Hyaluronan
and a cell-associated hyaluronan binding protein


https://doi.org/10.3791/3040
https://doi.org/10.3791/3040

248 e D. J. WESSELS ET AL.

(93]

(94]

[95]

regulate the locomotion of ras-transformed cells. J Cell
Biol. 1991;112(5):1041-1047.

Hamilton SR, Fard SF, Paiwand FF, et al. The hyaluronan
receptors CD44 and Rhamm (CD168) form complexes
with ERK1,2 that sustain high basal motility in breast
cancer cells. ] Biol Chem. 2007;282(22):16667-16680.
Song JM, Im J, Nho RS, et al. Hyaluronan-CD44/RHAMM
interaction-dependent cell proliferation and survival in
lung cancer cells. Mol Carcinog. 2019;58(3):321-333.
Wang Z, Wu Y, Wang H, et al. Interplay of meva-
lonate and Hippo pathways regulates RHAMM

(96]

(97]

transcription via YAP to modulate breast cancer
cell motility. Proc Natl Acad Sci U S A. 2014;111
(1):E89-98.

Xu H, Tian Y, Yuan X, et al. Enrichment of CD44 in
basal-type breast cancer correlates with EMT, cancer
stem cell gene profile, and prognosis. Onco Targets Ther.
2016;9:431-444.

Twarock S, Tammi MI, Savani RC, et al. Hyaluronan
stabilizes focal adhesions, filopodia, and the prolifera-
tive phenotype in esophageal squamous carcinoma
cells. J Biol Chem. 2010;285(30):23276-23284.



	Abstract
	Introduction
	Methods
	Growth and maintenance of cell lines and primary cells
	Generation of MDA-MB-231/EGFP for injection into mice
	Preparation of HUVEC networks
	Preparation of 3D samples
	4D image acquisition
	Generation of MB-231 CD44°e
	Immunostaining
	Western blot analysis
	Acquisition, culturing and vital dye staining of fresh human tissue
	Mouse injections, harvesting tumors, cryosectioning and cryostaining

	Results
	Experimental strategy
	Stability of HUVEC network
	MB-231 cells move toward and attach to HUVEC networks
	Cells of the nontumorigenic breast cell line MCF-10A do not accumulate on HUVEC networks
	Behavior of MB-231 cells attached to HUVEC networks
	MB-231 cells transiently penetrate into, migrate within, exit from, and continue migrating on HUVEC networks
	Antibodies against CD44 and RHAMM
	Fresh breast tumor cell behavior
	MB-231 cells interact with tumor blood capillaries invivo

	Discussion
	MB-231 cell behavior in the 3D model
	Behavior of MB-231 cells that attach to HUVEC networks
	The roles of CD44 and RHAMM
	Concluding remarks

	Acknowledgments
	Disclosure statement
	Funding
	References



