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Abstract
Hematogenous metastasis involves a glycoprotein mediated adhesion cascade of tumor cells with
E-selectin on the endothelial layer of the blood vessels. Cell-cell interactions play a major role in
cancer metastasis and invasiveness. Intercellular communication between two cancer cells or
between a cancer cell with a stromal cell in the microenvironment such as fibroblasts or
inflammatory cells play an important role in metastatic invasion. Culturing tumor cells as 3D
spheroids can recapitulate these physiologically relevant cell-cell interactions. The heterogeneity
in primary tumor is attributed to cell subpopulations with varying degree of invasiveness. Co-
culturing cancer cells with different phenotypes as 3D spheroids can mimic this heterogeneity.
Here we report, the effect of homotypic and heterotypic interactions in breast cancer cells cultured
as 3D spheroids on polydimethylsiloxane (PDMS) on the adhesion phenotype to E-selectin. We
show that breast cancer cell lines (BT20 and MCF7) propagating as 3D spheroids on PDMS
exhibit a stronger interaction with human recombinant E-selectin when compared to their
respective monolayer grown counterparts on tissue culture plate (TCP). Matrigel invasion assay
also indicated that BT20 and MCF7 spheroids were more invasive than BT20 and MCF7 cells
grown as monolayers. To mimic tumor heterogeneity in vitro, a co-culture model included
tumorigenic cell lines BT20, MCF7 and a non-tumorigenic mammary epithelial cell line
MCF10A. These cell lines were cultured together in equal seeding ratio on PDMS to generate co-
culture spheroids. The heterotypic interactions in the co-culture model resulted in enhancement of
the adhesion of the most invasive BT20 cell line to E-selectin. BT20 cells in co-culture bound to
the greatest degree to soluble E-selectin compared to MCF7 and MCF10A cells in co-culture. Co-
invasion assay with co-culture spheroids indicated that BT20 cells in co-culture were more
invasive than MCF7 and MCF10A cells. The results presented here indicate that homotypic and
heterotypic interaction in cancer cells favor adhesion to E-selectin thus representing a complexity
beyond planar cell culture. Also, when cells of different phenotypes are mixed, the heterogeneity
enhances the adhesive phenotype and invasiveness of the most invasive cell population. The
results challenge the classic use of planar cell culture for evaluating the adhesion of cancer cells
with E-selectin and establish our co-culture technique as a model that can help investigative
studies in metastasis and invasiveness of breast and other types of cancers.
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1. Introduction
The hematogenous metastatic cascade is a series of events that mediate cells from the
primary site to enter the circulation and eventually result in successful implantation of the
circulating tumor cells (CTCs) at a secondary site [1]. The extravasation of cancer cells in
circulation can involve an adhesion cascade mediated by glycoproteins ligands on cancer
cells with E-selectin on endothelial cells that line the blood vessels [2]. The most common
glycoprotein ligands expressed in cancer cells are CD44v4 [3], sialyl lewis X and sialyl
lewis A [4]. The selectin mediated adhesion of cancer cells to the endothelium has been
exploited for isolating CTCs from patient blood [5] and has been used as a tool to capture
metastatic cells from the peripheral circulation and induce apoptosis to neutralize the
captured cancer cell [6]. This interaction can be quantified in vitro by a rolling assay
involving the use of E-selectin functionalized microrenathane microtubes by perfusing
cancer cells at physiologically relevant shear stresses to determine the rolling velocity of
cancer cells under flow [7].

Cancer cells propagating as multicellular tumor spheroids mimic most of the in vivo
properties of tumors in terms of gradients of several important factors [8]. The compromised
blood supply surrounding the tumor results in a depletion of nutrition and oxygen towards
the interior of the tumor [9]. This results in higher levels of ATP and cellular proliferation in
the periphery of a tumor [10]. The gradient in oxygen also results in the accumulation of
lactase in cells at the interior of the tumor owing to anaerobic respiration [11]. These
pathophysiological gradients are closely captured in cells propagating as tumor spheroids in
vitro [8]. Recently, we reported the advantages of using PDMS for propagating cells as non-
adherent spheroids over other conventional methods for generating tumor spheroids [12].
Thus, culturing cells as 3D spheroids can be used as a tool to evaluate important events in
the metastatic cascade since they represent cell-cell interactions in more physiologically
relevant culture conditions when compared to conventional planar cell culture often used in
cancer research. In this study, we report that breast cancer cells propagating as 3D spheroids
on PDMS show increased expression of E-selectin ligands when compared to monolayer
cells. They also show a stronger interaction with E-selectin in an in vitro cell rolling assay
when compared to cells propagating as a 2D monolayer.

Breast cancer represents a highly heterogeneous group of lesions with different molecular
and biochemical signatures [13]. The heterogeneity associated with breast cancer has been
explained by the theory clonal evolution which postulates that constantly more aggressive
sub-clones emerge from the existing sub-clones resulting in a primary tumor that has
subpopulations of cells with different levels of aggressiveness [14, 15]. Towards the later
stages of the disease, it is hypothesized that the most aggressive sub-clone disseminates
from the primary site resulting in a metastatic disease [16]. We hypothesize that the most
aggressive sub-clones may have an increased ability to bind to E-selectin to enable
metastasis.

This heterogeneity can be recapitulated in vitro by co-culturing cells of different levels of
invasiveness as 3D spheroids. Cell-cell interactions are known to play a key role in the
metastasis and invasion of breast cancer [17]. Interaction between two cancer cells or a
cancer cell and stromal cell in the tumor microenvironment can influence the fate of a cell
within the primary tumor [17, 18]. Previous studies report a change in gene expression
profile of breast cancer cells co-cultured with fibroblasts [19, 20]. These interactions are
known to modulate the proteolytic degradation of extracellular matrix that can increase the
invasiveness of tumor cells [21]. Matrigel invasion assay has been used extensively to study
the invasiveness of cancer cells [22]. The ability of cancer cells to invade the basement
membrane and metastasize is roughly estimated in vitro by the ability of cells to invade
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Matrigel, a gelatinous extracellular protein matrix from a mouse sarcoma [22]. In this study,
we developed an in vitro model for tumor heterogeneity by co-culturing BT20, a highly
invasive breast cancer cell line [23], MCF7, a moderately invasive breast cancer cell line
[23] and MCF10A, a non-tumorigenic mammary epithelial cell line. We distinguished the
ability of these cells labeled with CellTracker probes in co-culture to bind to fluorescently
tagged human recombinant E-selectin to determine if there is a difference in adhesion
characteristics of these co-cultured cells when compared to spheroids derived from just one
cell line (homotypic spheroids).

2. Materials and Methods
2.1 Cell lines and culture conditions

Breast cancer cell lines BT20 (ATCC, HTB-19) and MCF7 (ATCC, HTB-24) were cultured
in ATCC-formulated Eagle’s Minimum Essential Medium (EMEM) (ATCC, 30-2003)
supplemented with 10% fetal bovine serum (Atlanta Biologicals, S11050H), and 1%
penicillin/streptomycin (PS) (Invitrogen, 15140-122). The media for MCF7 was additionally
supplemented with 0.01 mg/mL of bovine insulin (Sigma Aldrich, I1882-100MG). The non-
tumorigenic mammary epithelial cell line MCF10A (ATCC, CRL-10317) was cultured in
DMEM/F12 (Invitrogen, 11320-033) supplemented with 5% horse serum (Atlanta
Biologicals, S12150), 1% PS, 0.5 μg/mL hydrocortisone (Sigma Aldrich, H-0888), 20 ng/
mL of human epidermal growth factor (hEGF) (Invitrogen, PHG0313), 10 ng/mL of bovine
insulin and 100 ng/mL of cholera toxin (Enzo life sciences, BML G117). The co-culture
spheroids were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen,
11996-06) supplemented with 5% FBS and 1% PS. The cell lines were maintained at 37°C
with 5% CO2.

2.2 Homotypic and co-culture spheroid culture on PDMS
Dow Corning’s Sylgard® 184 silicone elastomer kit was used in a 10:1 base to curing agent
ratio (w/w) to cast PDMS in multiwell plates. The pre-polymer components were manually
mixed with a pipette tip in a 50 mL tube for 30 seconds and 300 μL of the PDMS pre-
polymer was pipetted into each well of a 24-well plate (BD Falcon, 353047) and allowed to
settle at room temperature (RT) (20°C–25°C) for 30 min. The plates were then cured at
40°C for 4h. The PDMS cured plates were used for spheroid cell culture. For homotypic
spheroid culture, cells propagating as a monolayer on regular cell culture grade T75-flasks
(Celltreat, 229341) were dislodged from the plate using trypsin-EDTA (Invitrogen,
25200-056) and centrifuged at 1100 rpm for 5 min and resuspended at a concentration of
1×105 cells/mL in cell culture media and 500 μL of the cell suspension was used for a single
well of a 24-well plate cured with PDMS (50,000 cells/well).

For generating co-culture spheroids BT20, MCF7 and MCF10A cells were labeled with
CellTracker probes blue (Invitrogen, C2110), green (Invitrogen, C7025) and red (Invitrogen,
C34552), respectively, following the protocol supplied by the manufacturer. The cells were
mixed in equal numbers to a final cell concentration of 1×105 cells/mL and 500 μL of the
cell suspension was used for a single well of a 24-well plate cured with PDMS. The cells
plated on PDMS were incubated at 37°C with 5% CO2. The cells were allowed to grow on
PDMS for 2 days before experiments.

2.3 MTT assay
Cell viability assays were conducted to evaluate the growth rate of cells plated on PDMS
compared to standard tissue culture plate (TCP). Cells were plated onto PDMS cast in 24-
well plates and onto standard 24-well TCP at similar seeding density. A standard
colorimetric MTT assay was performed after 2 days in culture with 3-(4, 5-
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Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) (Chemicon (Millipore) CT0-A) to
detect mitochondrial activity. The absorbance was measured at 690 nm using a microplate
reader (Bio-Tek Instruments).

2.4 Flow cytometry
The expression levels of CD44v4, sialyl lewis X (CD15s) and sialyl lewis A (CA19-9) were
investigated on cells propagating as a monolayer on TCP and 3D spheroids on PDMS. To
prepare cells propagating as spheroids on PDMS for flow cytometry, the media was pooled
together from 6 wells of a 24-well TCP cast with PDMS with cells. The spheroids were
loosely adhered to the underlying PDMS surface and collecting the media ensured the
removal of all the cells. The collected media was centrifuged and the resulting cell pellets
were re-suspended in trypsin-EDTA to ensure complete dissociation of spheroid before
incubating them with antibodies. The dissociation was verified using scatter plot between
forward scatter and side scatter. An equivalent amount of culture media was added after 10
min of incubation in trypsin. The cell samples were then centrifuged and resuspended in 100
μL of staining buffer composed of 1% bovine serum albumin (BSA) (Sigma Aldrich,
A7906-50G) in 1x phosphate buffer saline (PBS) (Invitrogen, 14190-144). Cells propagating
as a monolayer on a 24-well TCP were trypsinized, centrifuged and resuspended in 100 μL
of staining buffer. Cells were incubated at 4°C in dark with FITC-conjugated mouse anti-
human CD44v4 (AbD Serotec, MCA1728F), FITC mouse IgG isotype control (BD
Biosciences, 555742), mouse anti-human CD15s (BD Biosciences, 551344), and mouse
anti-human CA19-9 (Abcam, ab15146). APC rat anti-mouse IgM (BD Biosciences, 550676)
and FITC goat anti-mouse IgG/IgM (BD Biosciences 555988) were used as secondary
antibodies and isotype control for CD15s and CA19-9 respectively. The cells were washed
in PBS before incubating them with secondary antibodies and after incubation to remove
excess antibody and were analyzed using a BD Accuri C6 flow cytometer (Becton
Dickinson). The fold change in mean fluorescent intensity with respect to isotype control
reported in this paper is the average of three different flow cytometry measurements.

2.5 Soluble E-selectin binding assay
To determine the ability of cells to bind to E-selectin in homotypic spheroids, co-culture
spheroids and monolayer cells, soluble E-selectin binding assay was performed and the
binding was quantified using flow cytometric analysis. Fluorescent E-selectin was prepared
by overnight conjugation of 200 μg/mL of recombinant human E-selectin/Fc-chimera (R&D
Biosystems, 724-ES) with 400 μg/mL of AlexaFluor 647 goat anti-human IgG (Invitrogen,
A21145). An isotype control was generated by overnight conjugation of recombinant human
E-selectin with AlexaFluor 647 mouse IgG isotype control (BD Biosciences, 557783). The
homotypic spheroids and monolayer cells were prepared for the binding assay as mentioned
in the previous section and 20 μL of the fluorescent E-selectin and the isotype control was
used for 1×106 cells/mL in staining buffer (1% BSA). The cells were incubated in dark at
RT for 45 min. The co-culture spheroids were pre-labeled using CellTracker probes to
differentiate between the cell types and were dissociated in trypsin and incubated with
fluorescent E-selectin and isotype control at the same concentration. The cells were washed
twice in PBS to remove excess fluorescent E-selectin and were resuspended in 1% BSA and
analyzed using BD FACS Aria using filters for Alexafluor 647 (640 nm excitation/668 nm
emission), CellTracker blue (353 nm excitation/466 nm emission), CellTracker green (492
nm excitation, 512 nm emission) and CellTracker red (577nm excitation/602 nm emission).
The results from flow cytometric analysis were analyzed using Flow-Jo v7.6 (Tree Star)
software.
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2.6 Cell rolling assay
To determine the adhesion characteristics of cancer cells with E-selectin, rolling assay was
performed using microrenathane microtube. Briefly, 50 cm long microrenathane microtubes
with 300 μm inner diameter (Braintree Scientific, MRE040) were first washed with 1x PBS
and then coated with 10 μg/mL of recombinant protein G (Calbiochem, 539303) for 60 min
at RT. They were then incubated with 20 μg/mL of recombinant human E-selectin/Fc-
chimera for 120 min. The surface was then blocked with 5% milk (EMD Millipore, 6250)
for 60 min to avoid any non-specific interaction of cells with the surface of the tube. The
tubes were then washed with PBS++ (PBS saturated with calcium chloride) (Invitrogen,
14040-133) after which dissociated spheroid and monolayer cells at a concentration of
1×106 cells/mL in PBS++ were perfused through the tube at 1 dyn/cm2 using a syringe
pump (KDS 230, IITC life sciences). The rolling videos were recorded and later analyzed
using in-house ImageJ (NIH, USA) stack tools to determine the rolling velocity. The number
of cells per frame of the rolling video was manually counted.

2.7 Scratch assay
The scratch recovery assay is a basic assay to determine the migratory behavior of cells.
Studies have shown that the rate of recovery of the scratched region is indicative of the
migratory potential of cells in vivo [24]. Cells were grown to confluency in a 6-well plate
(Celltreat, 229106). The confluent cells were serum starved overnight by incubating them
with their respective culture medium with 1% PS. A scratch was made with a sterile 200 μL
pipette tip in a marked region of the well. There were two replicate wells for each cell line
and images of the marked scratch were taken immediately after inducing the scratch. The
wells with scratches were incubated in serum free culture medium at 37°C with 5% CO2.
The recovery of the scratch was determined by imaging the same field 24h later and built-in
ImageJ drawing options were used to determine the scratch area and percent reduction is
wound size. The data reported in this paper are the average of 6 different fields for each cell
type.

2.8 Western blotting
The expression of hypoxia inducible factors in monolayer, homotypic and co-culture
spheroids was detected by standard western blot procedures. As a positive control,
monolayer cells were treated with 100 μM cobalt chloride (Sigma Aldrich, 232696-5G) for
24h which is known to induce hypoxia in monolayer cells [25]. Briefly, the lysates were
separated by SDS-PAGE and transferred to a nitrocellulose blotting membrane (Bio-Rad,
162-0115). Membranes were blocked with 5% milk 60 min at RT. The membranes were
then incubated overnight at 4°C with 1:1000 mouse anti-human HIF-1α specific Ab (BD
Biosciences, 610958) and mouse anti-human HIF-1β specific Ab (BD Biosciences, 611078)
in 5% milk. Membranes were also probed with mouse anti-human β-actin (Santacruz
biotechnology, sc-81178) at 1:2000 dilution as a loading control. Following the overnight
incubation with primary Ab, the membranes were washed with 1x TBS/0.1% Tween-20 and
then incubated for 60 min at RT with 1:1000 anti-mouse IgG-HRP (BD Biosciences,
554002) in 5% milk. The bands were visualized using a chemiluminiscent HRP substrate
(Millipore, WBKL 50500) in a luminescent image analyzer (Fujifilm, LAS-4000). The band
intensity was determined using built-in options available in ImageJ software.

2.9 Matrigel invasion assay
Matrigel invasion assay was performed to determine the invasive potential of cells grown as
monolayer, homotypic and co-culture spheroids. Matrigel (BD Biosciences, 356234) was
diluted to a final concentration of 300 μg/mL and 100 μL of the diluted Matrigel was
pipetted into the transwell insert with transparent PET membrane containing 8 μm sized
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pores (BD Biosciences, 353097) and allowed to gel overnight. The coated transwells are
termed invasion chambers. Monolayer and spheroid cells of all the cell lines were
dissociated in serum free culture media and plated at 2.5×104 cells/mL in the invasion
chamber. The invasion chambers were then transferred to 24-well plate filled with 750 μL
of cell culture media with 5% FBS as a chemoattractant. Equal numbers of uncoated
transwell inserts were prepared as a control. The cell invasion chambers were incubated
overnight at 37°C with 5% CO2. After overnight incubation, the chambers were removed
and washed twice with PBS and the non-invading cells were discarded using a cotton swab
moistened with cell culture media. The cells were fixed in 4% paraformaldehyde,
permeabilized in 100% methanol and stained using geimsa stain (Sigma Aldrich, GS500)
and the number of invading cells were manually counted using a light microscope. The
percentage invasiveness was calculated by normalizing the number of invading cells in
Matrigel coated inserts with the number of invading cells in uncoated (control) inserts.
Invasion chambers with dissociated co-culture spheroids labeled with CellTracker probes
were fluorescently imaged to determine the invasiveness of individual cell types in co-
culture spheroids. The invasion reported in this paper is the average of 3 different
experiments on 3 different fields of view each for an invasion chamber.

2.10 Fluorescent imaging and statistical analysis
Fluorescent were captured on a Zeiss 710 laser scanning confocal microscope. The co-
culture spheroids labeled with CellTracker probes were captured using multi-track program
to avoid spectral bleed-through. The co-culture spheroids propagating on PDMS were
collected by removing the media from the 24-well plate and spun down at 1000 rpm for 10
min. The pellets were resuspended in 4% formaldehyde and spun down at 700 rpm for 10
min using a cytospin (Harlow Scientific) on confocal grade slides (Leica Microsystems,
3800205) and cover-slipped using a mounting media (eBiosciences, 00-4958-02) before
imaging. For images reporting soluble E-selectin binding, fluorescent soluble E-selectin
prepared as mentioned in Section 2.5 was incubated in dark with co-culture spheroids at RT
for 45 min in 5% BSA. These spheroids were then washed in PBS to remove excess
fluorescent E-selectin and then spun down and cover-slipped before imaging. The bright
field images were captured using an Olympus IX81 microscope.

The statistical significance reported in this paper was tested using unpaired student t-test and
the values of n are reported in the figures wherever applicable.

3. Results
3.1 Morphology and proliferation of cell lines on PDMS and TCP

The breast cancer cell lines BT20, MCF7 and the mammary epithelial cell line MCF10A
were seeded on PDMS cured in 24-well plate as mentioned in Section 2.2. BT20, MCF7 and
MCF10A breast cancer cell lines propagated as a monolayer on hydrophilic TCP (Fig. 1A,
1B and 1C) and on hydrophobic PDMS they propagated as non-adherent spheroids (Fig. 1D,
1E and 1F). Cell proliferation assay using MTT revealed that there was no significant
difference in cellular activity on PDMS and TCP (p<0.1) (Fig. 1G).

3.2 E-selectin ligand expression on spheroid and monolayer cells
Flow cytometric analysis for glycoprotein ligands (CD44v4, sialyl Lewis X (sLex), sialyl
Lewis A (sLea)) for E-selectin on BT20, MCF7 and MCF10A cell lines showed a general
treand that spheroid cells show an increased expression of the E-selectin ligands CD44v4,
sLex and sLea. Representative flow cytometry histograms are shown in Supplementary Fig.
1S. The bar graph for average fold change in mean fluorescence intensity (MFI) normalized
to the respective isotype control for three different flow experiments is indicated in Fig. 2.
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Statistical significance is indicated by an asterisk (*) on the bar graph. In particular, sialyl
lewis X (sLex) was highly upregulated in the spheroid morphology for all the three cell
lines.

3.3 Rolling velocity measurements on E-selectin coated microtubes
The cell rolling assay on E-selectin coated microtubes as described in Section 2.6 showed
that monolayer cells exhibited a weaker adhesion (higher rolling velocity) as opposed to
spheroid cells that exhibited a stronger adhesion (lower rolling velocity) on microtubes
functionalized with human recombinant E-selectin (Fig. 3A). The highly invasive BT20
cells showed the lowest rolling velocity in monolayer morphology (2.2 ± 1.1 μm/s) followed
by MCF7 cells (6.2 ± 0.69 μm/s). MCF10A monolayer cells also showed a stronger
interaction (2.66 ± 0.29 μm/s) with E-selectin although it is not physiologically relevant in
the context of cancer metastasis because they are non-tumorigenic cells. The spheroid cells
showed a significantly lower rolling velocity when compared to monolayer cells (p<0.01).
The rolling velocity for BT20, MCF7 and MCF10A cells grown as spheroids were 0.6 ±
0.33 μm/s, 2.26 ± 0.21 μm/s, 1.51 ± 0.17 μm/s respectively. The expression of E-selectin
ligands is most relevant when the cells leave the primary site and enter the systemic
circulation and the likelihood of this fate can perhaps be estimated by determining the
migratory potential of the cell lines in vitro. Thus, although MCF10A cells showed a
stronger interaction with E-selectin they do not possess the migratory potential to enter the
circulation as revealed by the in vitro scratch assay (Supplementary Fig. 2S). The stronger
interaction of breast cancer cell lines propagating as spheroids are perhaps more likely to
enter the systemic circulation as exhibited by their increased migratory potential
(Supplementary Fig. 2S).

3.4 Soluble E-selectin binding to spheroid and monolayer cells
In our rolling experiments we noticed that the number of cells that interacted with E-selectin
functionalized microtubes were significantly higher for spheroid cells when compared to
monolayer cells for all three cell lines (Fig. 3B). Representative video frames for spheroid
and monolayer morphology for all three cell lines are given in Supplementary Fig. 3S. These
figures indicate the number of cells interacting with E-selectin coated microtubes. This
suggests that a greater fraction of cells in the spheroid morphology were capable of
interacting with E-selectin in comparison to cells from the monolayer morphology. Flow
cytometry scatter plots for soluble E-selectin binding to spheroid and monolayer cells
indicated that 51.7% of BT20 monolayer cells (Fig. 4A), 58.8% of MCF7 monolayer cells
(Fig. 4B), 79.6% of MCF10A monolayer cells (Fig. 4C) bound to fluorescent E-selectin as
opposed to 97.4% of BT20 spheroid cells (Fig. 4D), 92.1% of MCF7 spheroid cells (Fig.
4E) and 97.0% of MCF10A spheroid cells (Fig. 4F), respectively. Confocal fluorescence
microscopy images for soluble E-selectin binding revealed that monolayer cells have a weak
and diffuse staining pattern for soluble E-selectin when compared to spheroid cells that
show a relatively strong and cortical staining pattern for soluble E-selectin (Supplementary
Fig. 4S).

3.5 Heterogeneous co-culture spheroids on PDMS
BT20 cells labeled with CellTracker blue, MCF7 cells labeled with CellTracker green and
MCF10A cells labeled with CellTracker red were mixed in equal ratio and seeded on PDMS
cured in 24-well plates. These cells formed tightly packed heterogeneous spheroids by the
end of 48h (Fig. 5A). More often we observed the breast cancer cells BT20 (Fig. 5B) and
MCF7 (Fig. 5C) and the non-tumorigenic MCF10A cells (Fig 5D) associate amongst
themselves and other cell types in co-culture allowing for homotypic and heterotypic
interactions in our model. These images show that a heterogeneous co-culture model for
breast cancer can be developed by culturing cell lines with different levels of aggressiveness
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on PDMS. The co-culture spheroids were composed of all three cell types in comparable
ratio by the end of 48h (Supplementary Fig. 5S). The percentage of BT20, MCF7 and
MCF10A cells within co-culture spheroids 48h after culture were 33.7±2.2%, 31.4±0%,
32.7±3.7% respectively (n=2 flow cytometry experiments). Co-culture spheroids can be
generated without the requirement of any expensive bio-reactors or extended time period of
culture. The spatial heterogeneity allows cell-cell interactions between different cell types
and thus creates the opportunity to study the effect of the heterotypic interactions on the
adhesion properties of the cells in co-culture.

3.6 Soluble E-selectin binding to cells in co-culture spheroids
To determine the adhesion properties of cells in co-culture, soluble E-selectin binding was
assayed on co-culture spheroids labeled with CellTracker probes. A representative confocal
image for soluble E-selectin binding to whole co-culture spheroid is shown in Fig. 6A. The
strong and cortical staining pattern of soluble E-selectin (orange) corresponds to BT20 cells
(blue) within co-culture spheroids (indicated by arrow heads in Fig. 6B). Super imposition
of soluble E-selectin labeling with each specific cell type shows increased binding of soluble
E-selectin to BT20 cells in co-culture (Fig. 6B). The staining patterns of soluble E-selectin
(orange) are relatively weak and diffuse in comparison for MCF7 (green) cells (Fig. 6C) or
MCF10A (red) cells (Fig. 6D) in co-culture. Co-culture spheroids were dissociated to
analyze soluble E-selectin binding to individual cells collected from co-culture. Flow
cytometry histograms indicate that BT20 cells in co-culture show increased binding to
soluble E-selectin when compared to homotypic spheroids composed of BT20 cells alone
(Fig. 7A). BT20 cells in co-culture showed the greatest shift in fluorescent intensity peak
when compared to monolayer, homotypic spheroids or monolayer co-culture. No shift in
fluorescent intensity peak was observed for MCF7 and MCF10 cells in co-culture when
compared to their homotypic spheroids (Fig. 7B and 7C).

3.7 Invasiveness of monolayer, homotypic spheroids and co-culture spheroids
Matrigel invasion assay was performed on monolayer, homotypic and co-culture spheroids
to determine their invasiveness. The spheroids were dissociated before seeding them in
invasion chambers as mentioned in Section 2.9. The question of whether the increased
expression of E-selectin ligands in homotypic and co-culture spheroids correlated with
increased invasiveness of the cell lines was addressed. Matrigel invasion assay indicated that
BT20 monolayer cells were significantly more invasive than MCF7 monolayer cells (Fig. 8)
and BT20 and MCF7 spheroids were significantly more invasive than their monolayer
counterparts (Fig. 8). From the soluble E-selectin binding assay it is clear that BT20 cells in
co-culture spheroids bound to a greater amount of E-selectin when compared to MCF7 and
MCF10A cells in co-culture spheroids. The co-culture spheroids were dissociated and
seeded on Matrigel coated chambers and the number of cells invading the Matrigel were
manually counted by visualization using CellTracker probes. A representative 10x image of
an invasion chamber in Fig. 9A shows that there were more BT20 cells (Fig. 9B) compared
to MCF7 (Fig. 9C) or MCF10A (Fig. 9D) cells. The percentage invasion also indicated that
BT20 cells in co-culture spheroids were significantly more invasive than BT20 homotypic
spheroids (Fig. 8) and there was no significant difference in the invasiveness of MCF7 and
MCF10A cells in co-culture when compared to their homotypic spheroids.

3.8 Expression of hypoxia inducible factors
To identify the missing link between spheroid morphology and increased adhesion
phenotype exhibited by breast cancer cells, we determined the expression of hypoxia
inducible factors (HIF-1α and HIF-1β) in monolayer, homotypic spheroids and co-culture
spheroids using western blot procedure as described in Section 2.8. As a positive control for
hypoxic conditions, monolayer cells treated were with cobalt chloride. It was observed that
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BT20 and MCF7 spheroids expressed both HIF-1α (Fig. 10A and 10C) and HIF-1β (Fig.
10B and 10D), whereas monolayer cells did not express these hypoxia inducible factors. To
determine if there an increased expression of these factors in co-culture conditions, we
increased the ratio of BT20 cells in co-culture while maintaining the total cell number the
same and an increase in expression of HIF-1α with increasing proportions of BT20 cells in
co-culture was observed (Fig. 10E). The band intensity was computed and normalized with
respect to respective loading control. The normalized band intensity was found to increase
for HIF-1α expression in co-culture spheroids and co-culture spheroids with increasing
proportions of BT20 cells (Fig. 10G) whereas there was no discernible change in HIF-1β
expression (Fig. 10F and 10G).

4. Discussion
The metastasis of primary tumors accounts for 90% of deaths in cancer patients [26]. The
metastatic cascade is initiated by the adhesion and extravasation of primary tumor cells that
enter the circulation. The mechanism of cancer cell adhesion to the blood vessel wall is
believed to be similar to that of leukocyte recruitment from the bloodstream to an
inflammation site [27]. Although the mechanism may be similar the molecules that mediate
tethering, rolling and adhesion of cancer cells to the endothelium differ from that of
leukocytes as discussed in a recent review [28]. Adhesion is primarily mediated by E-
selectin on activated endothelium and glycoproteins on cancer cells [29]. Breast cancer is a
highly metastatic form of neoplasia and is known to often lead to metastasis even after
surgical removal of the primary tumor [30]. The primary focus of this paper was to study the
adhesion of breast cancer cells to E-selectin in vitro that may lead to better understanding of
breast cancer invasion and metastasis.

Breast cancer cell lines are used as model systems for studying the molecular basis of breast
cancer progression. The relative heterogeneity in the established breast cancer cell lines have
been particularly useful in studying important aspects of breast cancer such as the
prevalence of cancer stem cells [31] and specific subpopulations that bear close resemblance
to functionally distinct primary cancer subtypes [32]. The use of conventional planar cell
culture to study breast cancer cell lines reduces the potential of these cell lines as a model
for studying breast cancer. In this study, we used spheroid cell culture using
polydimethylsiloxane, for characterizing the adhesion of breast cancer cell lines to human
recombinant E-selectin. We focused on a highly invasive breast cancer cell line BT20,
moderately invasive breast cancer cell line MCF7 and non-tumorigenic mammary epithelial
cell line MCF10A. We have previously elucidated the advantages of PDMS based spheroid
cell culture technique over other conventional methods for generating multi-cellular tumor
spheroids [12]. The hydrophobic PDMS substrate allows for the formation of spheroids (Fig.
1D–F). The ability of these spheroids to closely recapitulate the in vivo biochemical
gradients [8] allows for cell-cell interaction in a more physiologically relevant scenario.

First, the expression of E-selectin ligands on spheroids derived from breast cancer cell lines
(BT20, MCF7) and the non-tumorigenic epithelial cell line (MCF10A) were characterized
and compared to the expression with their respective monolayer morphology (Fig. 2).
Significantly increased expression of several E-selectin ligands on cell lines propagating in
spheroid morphology was found. In particular, sialyl Lewis X was upregulated in all of the
cell lines propagating as spheroids. Sialyl lewis X is an important glycosylated ligand with
oligosaccharides bearing sialic acid, fucose and sulfate at the end of O-liked glycans [33]. It
was found that sialyl lewis X is specifically upregulated in invasive breast carcinomas [34]
and serum glycans profile analysis revealed that patients with progressive cancer show a
significant increase in sialylation and fucosylation of O-linked glycans [35].
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Increased expression of E-selectin ligands in cells propagating as spheroids suggested to
study the interaction of these cells with human recombinant E-selectin using a flow based
rolling assay developed by our group. Previous works demonstrated this method to isolate
hematopoietic stem cells from human bone marrow cells that express CD34 when perfused
through P-selectin coated microrenathane microtubes [36]. The rolling assay has also been
used to induce apoptotic signals to rolling cells on selectin-coated channels [6]. More
recently, a modification of this assay using natural halloysite nanotubes was reported to
isolate CTCs from patient blood samples [5]. The cell rolling assay revealed that cells grown
as spheroids had significantly lower rolling velocity (stronger interaction) when compared to
monolayer cells at the same shear stress (Fig. 3A). We also found that the number of cells
interacting with E-selectin coated microtubes was much higher in cells that propagated as
spheroids (Fig. 3B and Fig. 4). These results, taken together, demonstrate that spheroid cell
culture can alter the adhesion phenotype of cancer cells. This support the idea that spheroid
cell culture can replace conventional monolayer culture for cancer research and for the first
time demonstrates the change in adhesion phenotype with altered morphology of cells. The
non-tumorigenic MCF10A spheroids show increased expression of E-selectin ligands and
interact with E-selectin but do not exhibit the necessary migratory potential exhibited by
cancer cells (Fig. 2S). Previous studies report that transfecting MCF10A cell line with genes
that can induce migratory or invasive phenotype results in a dramatic change in their ability
to proliferate and migrate in vitro [37] and colonize organs in nude mice in vivo [38].

The heterogeneity associated with tumors is the primary reason for resistance seen to
conventional treatments [39]. Several studies in the past have elucidated the advantages of
tumor structures formed in vitro validating the use of multicellular aggregates as an enabling
model for cancer research as reviewed in [40]. In the current study, we recapitulated the
heterogeneity by co-culturing cell lines with different levels of invasiveness as 3D spheroids
(Fig. 5). Though MCF10A cells are non-tumorigenic, they have been shown to increase the
invasive phenotype of breast-cancer cells [41]. When injected with the metastatic breast
cancer cell line MDA-MB-231, MCF10A cells were shown to facilitate tumor progression in
immunocompromised mice [41]. These effects were attributed to the heterotypic cell-cell
communication involving paracrine signaling between the two cell types [41]. Interaction
between subpopulations of cells with different levels of invasiveness is known to play a key
role in the behavior of cells within a tumor [42]. Metastasis is initiated by a specific
subpopulation that acquires an aggressive phenotype when compared to the other cells in a
primary tumor [16]. This is termed clonal dominance and is often reported as an accepted
model of breast cancer metastasis [43]. Our co-culture model includes all of these aspects of
heterotypic interactions in 3D. This allows a more in vivo like culture environment to
evaluate the effect of these interactions on the adhesion phenotype of these cells in co-
culture.

Soluble E-selectin binding to co-culture spheroids indicated preferential binding of E-
selectin to BT20 cells, the most invasive cells in co-culture (Fig. 7). Quantitative analysis of
soluble E-selectin binding using flow cytometry also revealed that BT20 cells in co-culture
bound to the highest degree to soluble E-selectin compared to MCF7 and MCF10A cells in
co-culture (Fig. 8). Consistent with the theory of clonal dominance, the most invasive
subpopulation must leave the site of primary tumor to result in a metastatic disease. To
evaluate this we performed Matrigel invasion assay on cells grown as monolayer, homotypic
and co-culture spheroids to determine the invasiveness of these cell lines. The invasion
assay indicated that breast cancer spheroid cells were invasive than monolayer cells and that
BT20 cells in co-culture showed the greatest potential to invade Matrigel compared to other
cells in co-culture (Fig. 9). The ability of BT20 cells in co-culture to maximally bind to
soluble E-selectin combined with the observation of its ability to invade Matrigel to the
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greatest degree establishes our co-culture model as a platform for performing investigative
studies in breast cancer metastasis and invasiveness.

To identify the link between spheroid morphology and increased adhesion phenotype we
studied the expression of hypoxia inducible factors in tumor spheroids (Fig. 10). Tumor
hypoxia refers to regions of severe oxygen deprivation in rapidly dividing cells that
constitute the tumor, which is mostly due lack of well formed blood vessels. The cellular
response to hypoxia is often mediated by changes in gene expression [44, 45]. A regulatory
gene that functions under hypoxic conditions is the hypoxia-inducible factor (HIF) which is
known to promote tumor progression by expressing genes that help in increasing
angiogenesis and metastasis [46]. HIF-1 is an important member of this family of
transcription factors and it has multiple implications for cancer biology [47]. It is a
heterodimer composed of two subunits (HIF-1α and HIF-1β) and their degradation is
deactivated in response to hypoxia resulting in nuclear translocation where they exercise
their function as a transcription factor [48]. It has been previously reported that hypoxia
regulates the expression of adhesion molecules in cancer cells [49]. It was shown that
colorectal cancer cell lines cultured under hypoxic conditions showed an increase in
expression of sialyl Lewis X and sialyl Lewis A ligands [49]. Hypoxia also induces a shift in
metabolism of cancer cells called Warburg’s effect [50]. Hypoxic microenvironment induces
the expression of glucose transporters and glycolytic enzymes strongly suggesting that
several nucleotide sugar biosynthetic pathways are regulated by hypoxia in solid tumors
including glycosylation of E-selectin ligands [51]. The expression of HIF-1α and HIF-1β in
our tumor spheroids could possibly explain the increased adhesive phenotype of spheroid
cells (Fig. 10). Recently, it was also shown that epithelial-to-mesenchymal transition (EMT)
induces E-selectin ligand expression in cancer cells [52]. The most aggressive cell
subpopulations undergo EMT to leave the primary site [16] during the metastatic cascade.
This could possibly explain the increase in expression of HIF-1α in co-culture spheroids
(Fig 10G) which would lead to increased adhesive properties of BT20 cells in co-culture.
Given these results, spheroid cell culture could replace conventional monolayer culture for
performing investigative studies in the field of cancer adhesion and our co-culture model can
be used for studying several aspects of tumor heterogeneity such as resistance to drugs,
induction of epithelial-to-mesenchymal transition, angiogenesis and other events that occur
during breast cancer metastasis.

5. Conclusions
In this work we conducted experiments to identify the relationship between spheroid
morphology and E-selectin mediated adhesion phenotype of breast cancer cells and we
extended our spheroid cell culture to develop a co-culture model for breast cancer
heterogeneity. In the first part of this paper, we observed that cells from spheroids showed
increased expression of E-selectin ligands and a higher fraction of cells from the spheroid
morphology bound to soluble E-selectin. Our in vitro rolling assay revealed a stronger
interaction of spheroid cells with E-selectin coated microtubes when perfused under
physiologically relevant shear stress. Based on confocal microscopy and flow cytometry
experiments on co-culture spheroids, it was concluded that heterotypic interactions favor the
adhesion of the most invasive cell type (BT20) to E-selectin. Matrigel invasion assay
revealed that apart from showing increased binding to soluble E-selectin, BT20 cells in co-
culture were also the most invasive. Thus, co-culture increases the invasiveness of the most
invasive cell type and also favors the adhesion of these cells to E-selectin under flow.
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Fig. 1.
Morphology of BT20 (I.), MCF7 (II.) and MCF10A (III.) cell lines propagating as a
monolayer on TCP (AC) and spheroids on PDMS (D–F) 48h after seeding [seeding
density=50,000 cells/well of a 24-well plate, scale bars=200 μm]. MTT assay for
determining the metabolic activity of cells indicate that there is no statistically significant
difference in the metabolic activity of cells on PDMS and TCP (G).
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Fig. 2.
Fold change in mean fluorescence intensity (MFI) normalized to respective isotype controls
indicating the expression levels of E-selectin ligands CD44v4, Sialyl Lewis X (sLex) and
Sialyl Lewis A (sLea) in monolayer and spheroid cells.
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Fig. 3.
(A.) Rolling velocity of monolayer and spheroid cells (1×106 cells/mL) perfused through E-
selectin coated microtubes at 1dyn/cm2. (B.) The number of cells per frame indicating the
fraction of cells from monolayer and spheroid morphology interacting with E-selectin coated
microtubes under flow.
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Fig. 4.
Scatter plots from flow cytometry experiments indicating the percentage of cells binding to
soluble E-selectin in BT20 (A and D), MCF7 (B and E) and MCF10A (C and F) in
monolayer (A–C) and spheroid (D–F) morphology.
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Fig. 5.
Confocal microscopy images of co-culture spheroids with BT20 (blue) MCF7 (green) and
MCF10A (red) cells on PDMS (A) by the end of 48h. Individual fields showing BT20 (B),
MCF7 (C) and MCF10A (D) cells. [Scale bars=50 μm]
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Fig. 6.
Confocal microscopy images of soluble E-selectin (orange) binding to whole co-culture
spheroids with BT20 (blue) MCF7 (green) and MCF10A (red) cells on PDMS (A).
Superimposed images of soluble E-selectin with individual cell types in co-culture indicate
preferential binding of soluble E-selectin to BT20 cells in co-culture (B) when compared to
MCF7 (C) or MCF10A cells (D) in co-culture. [Scale bars=50 μm]
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Fig. 7.
Flow cytometry histograms indicate a shift in fluorescent intensity peak for soluble E-
selectin binding in monolayer, spheroid, monolayer co-culture and spheroid co-culture with
respect to isotype control for BT20 (A), MCF7 (B) and MCF10A (C) cells.
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Fig. 8.
Quantification of the ability of cells in monolayer, homotypic spheroid and co-culture
spheroids to invade Matrigel-coated transwell plates.
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Fig. 9.
Fluorescent images showing BT20 (blue) MCF7 (green) and MCF10A (red) cells from co-
culture spheroids invading the Matrigel (A). Individual fields indicate that the number of
BT20 cells invading the matrigel (B) is higher than the number of MCF7 (C) or MCF10A
(D) cells invading the Matrigel-coated transwell.
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Fig. 10.
Western blot membranes showing the expression of HIF-1α and HIF-1β in spheroid,
monolayer (Normoxia) and monolayer cells treated with cobalt chloride (Hypoxia) in BT20
(A and B), MCF7 (C and D) and co-culture spheroids (E and F). The ratio indicated in the
figure corresponds to BT20:MCF7:MCF10A cells in co-culture. The band intensity
computed using ImageJ indicates that expression of HIF-1α increased in co-culture
conditions (G).
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