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ARTICLE INFO ABSTRACT

Fibroblasts are a critical component of tumor microenvironments and associate with cancer cells physically and
biochemically during different stages of the disease. Existing cell culture models to study interactions between
fibroblasts and cancer cells lack native tumor architecture or scalability. We developed a scalable organotypic
model by robotically encapsulating a triple negative breast cancer (TNBC) cell spheroid within a natural ex-
tracellular matrix containing dispersed fibroblasts. We utilized an established CXCL12 - CXCR4 chemokine-
receptor signaling in breast tumors to validate our model. Using imaging techniques and molecular analyses, we
demonstrated that CXCL12-secreting fibroblasts have elevated activity of RhoA/ROCK/myosin light chain-2
pathway and rapidly and significantly contract collagen matrices. Signaling between TNBC cells and CXCL12-
producing fibroblasts promoted matrix invasion of cancer cells by activating oncogenic mitogen-activated
protein kinase signaling, whereas normal fibroblasts significantly diminished TNBC cell invasiveness. We de-
monstrated that disrupting CXCL12 — CXCR4 signaling using a molecular inhibitor significantly inhibited in-
vasiveness of cancer cells, suggesting blocking of tumor-stromal interactions as a therapeutic strategy especially
for cancers such as TNBC that lack targeted therapies. Our organotypic tumor model mimics native solid tumors,
enables modular addition of different stromal cells and extracellular matrix proteins, and allows high throughput
compound screening against tumor-stromal interactions to identify novel therapeutics.
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and deposit and remodel the ECM [8]. Physical and biochemical in-
teractions with CAFs and their associated ECM promote proliferation of

1. Introduction

The tumor microenvironment is a complex tissue containing cancer
cells and various stromal cells such as fibroblasts, immune cells, and
endothelial cells embedded in an extracellular matrix (ECM) network
[1]. Among different stromal cells, fibroblasts play pivotal roles in in-
itiation and progression of epithelial tumors [2,3]. During tumor pro-
gression, cancer cells secrete signaling molecules to recruit resident
tissue fibroblasts and activate them. These cells, known as cancer-as-
sociated fibroblasts (CAFs), are the most abundant stromal cells in solid
tumors and associate with cancer cells at all stages of tumor progression
[2,4]. Histopathological analysis of human tumors shows that advanced
tumors with poor prognosis are abundant in CAFs [5]. In breast cancer,
CAFs and their ECM cause a tumor to be palpable [6]. When epithelial
cancer cells breach the basement membrane and invade the ECM, they
come in direct contact with CAFs [7]. Additionally, CAFs secrete var-
ious pro-invasive signaling molecules into the tumor microenvironment
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cancer cells and alter their morphology to an invasive mesenchymal-
like shape [9]. Therefore, CAFs are a critical component of solid tumors
and a key regulator of tumor-stromal interactions.

Cell cultures and animal models are typically used to study tumor-
stromal interactions. Culture of cancer cells and fibroblasts in an in-
termixed monolayer or in separated sheets provides a convenient
method to study interactions between the two cell types. However,
monolayer cultures do not reproduce complexities of tumors that are
three-dimensional (3D), including oxygen and nutrients distribution
profiles, cell-cell and cell-ECM interactions, diffusive barriers to drug
delivery, etc. [10,11]. Mouse models provide physiological systems for
cancer research but lack human tumor stroma and need complex bio-
logical assays and sophisticated imaging to study effects of stroma on
tumor cells [12]. To address the technological need for human tumor
models, 3D cultures of cancer cells as spheroids have been developed.
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Spheroids are compact clusters of cells that reproduce properties of
solid tumors such as diffusive transport of oxygen and nutrients, hy-
poxia and necrosis, drug delivery barriers, and deposition and de-
gradation of ECM proteins [13-15]. Co-culture spheroids of cancer cells
with various stromal cells have been used to study tumor-stromal in-
teractions that promote proliferation and drug resistance of breast
cancer cells [16], and their epithelial-mesenchymal transition (EMT)
[17]. Despite their benefits, co-culture spheroids do not mimic the ar-
chitecture of native solid tumors in terms of spatial distribution of
cancer and stromal cells and cell-ECM interactions. Matrigel has been
used to develop spheroid cultures to study cell-cell and cell-ECM in-
teractions and ECM invasion of cancer cells [18,19]. However, Matrigel
is an animal-derived protein cocktail and not amenable to adjusting its
composition and physicochemical properties [20]. To gain control over
spatial distribution of cells and ECM properties, microfluidics tech-
nology has been widely used to develop 3D tumor models. Recently,
microfluidic co-culture systems containing hydrogel-based 3D matrices
were used to study tumor-stromal interactions, cancer cell invasion of
ECM, and drug testing against metastatic cells [21-24]. Major draw-
backs of microfluidic cell culture devices are their complexity and need
for user expertise to develop and maintain them especially for long-
term cultures, incompatibility with industrial-scale high throughput
drug screening applications, and adsorption of drugs and proteins on
the surface of polydimethylsiloxane (PDMS) microfluidic devices
[25,26].

To overcome these limitations of existing cultures, we developed a
3D organotypic breast tumor model that resembles the architecture of
avascular solid tumors and consists of three major components of the
tumor microenvironment: mass of cancer cells, dispersed fibroblasts,
and ECM. We also adapted this technology to a microwell plate format
to enable convenient, reproducible formation of cultures, high
throughput drug screening, and adaption by other users. To establish
the validity of our model, we used triple negative breast cancer (TNBC)
with CXCL12 - CXCR4 signaling as a disease model. CXCL12, or
stromal-derived factor-la (SDF-la), is a major paracrine signaling
molecule produced by CAFs and signals through its cognate CXCR4
receptor often overexpressed on the surface of TNBC cells [27,28].
Therefore, we use engineered CXCL12-secreting fibroblasts and CXCR4-
expressing breast cancer cells in our microtissues to recapitulate para-
crine stromal-cancer cells signaling. Using different molecular analyses
and imaging techniques, we demonstrated that CXCL12-secreting fi-
broblasts significantly contract the ECM. Additionally, signaling be-
tween the fibroblasts and TNBC cells promoted ECM invasion of cancer
cells by activating oncogenic mitogen-activated protein kinase (MAPK)
pathway. We also demonstrated that blocking tumor-stromal interac-
tions inhibits cancer cell invasiveness as a potential treatment strategy.
This organotypic model is a convenient-to-adapt tool broadly useful to
study different cancers. It offers straightforward implementation to
facilitate dissemination to academic and industrial settings, allows ad-
justing added components including single to multiple cell types and
ECM, and its compatibility with microwell plates uniquely enables high
throughput drug testing against tumor-stromal interactions to identify
novel therapeutics.

2. Materials and methods
2.1. Cell culture

Two different fibroblast cells were used: normal human mammary
fibroblasts (gift of Dr. Daniel Hayes, University of Michigan) stably
transduced with mCherry protein (labeled HMFs) and human mammary
fibroblasts stably transduced to secrete 0.75 ng/ml/h of CXCL12a fused
with mCherry (labeled CXCL12*HMFs). MDA-MB-231 TNBC cells
(purchased from the ATCC and labeled TNBC) overexpressing CXCR4
receptors (labeled CXCR4*TNBC) were transduced to stably express
eGFP [29]. These cells were generated in Dr. Luker's laboratory in
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University of Michigan. The authenticity of cells after stable transduc-
tion was verified by short tandem repeat profiling. Cells were tested for
mycoplasma and maintained in Plasmocin prophylactic (Invivogen)
according to the manufacturer's directions. Cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM, Sigma) supplemented with
10% (v/v) fetal bovine serum (FBS, Sigma), 1% (v/v) glutamine (Life
Technologies), and 1% (v/v) antibiotic (Life Technologies). Cells were
cultured in a humidified incubator at 37 °C and 5% CO, in a T75 flask
(Thermo Fisher Scientific). When the cells were about 80% confluent,
they were rinsed with phosphate buffered saline (PBS, Sigma), dis-
lodged using 0.25% trypsin (Life Technologies), and sub-cultured.

2.2. Culture of fibroblasts in collagen

Fibroblast cells were harvested from a confluent monolayer and
mixed with ice-cold collagen solutions. Collagen solutions of desired
concentrations were prepared from stock solutions of rat tail type I
collagen (Corning) using the manufacturer's protocol [30]. All the re-
agents were kept on ice during collagen preparation to prevent pre-
mature its gelation. The pH of solutions was measured with a pH meter
(Mettler Toledo) and maintained at 7.5 by adding 1 N NaOH or 1 N HCL
dropwise. Of the stock collagen solution, 1 mg/ml and 4 mg/ml solu-
tions were prepared and stored at 4 °C for up to 1 h before use. The
1 mg/ml and 4 mg/ml collagen gels are referred to as softer and stiffer
gels, respectively, for convenience. Different densities (number of cells
per well) of HMFs and CXCL12*HMFs were used to study collagen
contractility. For example, to form stiffer collagen gels with
1.5 x 10* cells in each well of a 384-well plate, 7.5 x 10° fibroblasts
were mixed with 1 ml of 4 mg/ml collagen solution, and 20 pl of the
resulting suspension solution was dispensed into each well. Incubation
at 37 °C for 30 min resulted in hydrogel formation. Cultures were
maintained in DMEM supplemented with only 1% FBS. Phase images
were captured using an inverted fluorescence microscope (Axio Ob-
server Al, Zeiss). Contraction of collagen gels was quantified as a ma-
trix contractility = (1 - ratio of projected area of a culture before and
after contraction). Prior to this experiment, nanoindentation of collagen
gels prepared from concentrations of 1.0, 2.5, 4.0, 5.5, 7.0, and 8.5 mg/
ml was conducted using an atomic force microscope (AFM, Digital In-
struments). Plasma cleaning and UV radiation were performed on in-
dentation probe and tip-holder to remove organic contaminants before
each experiment. PBS buffer was used as a hydrating medium for gels
during indentation. We used a 300 nm radius silicon-oxide probe with a
cantilever spring constant of 0.06 N/m. Velocity of extension and re-
cession of the cantilever during indentation was controlled at 500 nm/s,
sufficiently slow to avoid flow of buffer solution. A Poisson's ratio of 0.5
was used. At least 30 indentations were made on each sample to gen-
erate force versus indentation curves that were analyzed using the
Hertz model to generate elastic modulus values for collagen gels of
various protein concentrations.

2.3. Spheroid formation

CXCR4*TNBC spheroids were formed using our established pro-
tocol with an aqueous two-phase system [31]. Polyethylene glycol
(PEG) (Mw: 35 kDa, Sigma) and dextran (DEX) (Mw: 500 kDa, Phar-
macosmos) were used to form 5.0% (w/v) aqueous PEG phase and 6.4%
(w/v) aqueous DEX phase solutions in a complete growth medium
[32,33]. The PEG phase solution was supplemented with 0.24% (w/v)
of methylcellulose powder. CXCR4 * TNBC cells were mixed thoroughly
with the DEX phase solution to form a cell suspension with a density of
2.5 x 10* cells/pl. Next, 30 pl of the PEG solution was loaded into a
round-bottom, ultralow attachment 384-well plate (Corning) labeled as
the destination plate. A robotic liquid handler (SRT Bravo, Agilent
Technologies) was used to dispense a 0.3 ul drop of the DEX phase
containing 7.5 X 103 cells into each well of the destination plate [34].
This process was done column-by-column to reduce the need for large
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volumes of high-density cell suspensions. The plate was incubated at
37 °C for 24 h to allow formation of a spheroid in the DEX phase drop
within each microwell.

2.4. Immunofluorescence of 3D cultures of dispersed fibroblasts

After 5 days of incubating collagen gels containing only fibroblasts
(1.5 x 10* cells), cultures were transferred from the microwells into a
Petri dish using a micro-spatula (Fine Science Tools). The gels were
fixed using 4% paraformaldehyde (PFA) in PBS for 20 min at room
temperature and washed three times with PBS, each time for 10 min.
The gels were blocked for 1 h at room temperature with 5% (v/v) goat
serum. Cells were permeabilized using 0.3% (w/v) Triton X-100 in PBS.
Samples were incubated overnight with a mouse anti-B-actin antibody
(1:200 dilution, Abcam, Cat. No. ab6276) prepared in 1% (w/v) BSA
and 0.3% (w/v) Triton X-100 in PBS. Gels were washed and then in-
cubated with a goat anti-mouse FITC-conjugated secondary antibody
(Jackson ImmunoResearch) for 1 h followed by nuclear staining with
Hoechst 33,342 (Thermo Fisher Scientific) and imaged at 60x with a
confocal microscope (Nikon A1). FITC was excited by a 488 nm laser
and the emission isolated with a 500-550 nm filter, while Hoechst was
excited by 405 nm and isolated with a 425-475 nm emission filter.

2.5. Metabolic activity of fibroblast cells in 3D cultures

HMFs and CXCL12*HMFs were included in separate collagen so-
lutions in a 384-well plate at a density of 1.5 x 10* cells per well. The
collagen solutions were gelled and then medium with 1% FBS was
added. The growth of the fibroblasts in collagen was evaluated for 2
weeks using a Prestoblue metabolic activity assay (Invitrogen). After
15 min of incubation, the fluorescent signal was measured with a plate
reader (Synergy H1M, BioTek Instruments) at 560 nm excitation and
590 nm emission wavelengths. Collagen gels without fibroblasts were
used as a negative control.

2.6. Conditioned medium cultures

CXCL12*HMFs cells were seeded in a flask containing medium with
1% FBS. Conditioned medium was collected from a confluent mono-
layer of the CXCL12*HMFs and added to a culture of HMFs in 3D
collagen gels every other day by replacing 60 pl of existing medium.
Contraction of ECM was quantified using phase contrast images.

2.7. Wound healing assay

Both HMFs and CXCL12 " HMFs were seeded as a monolayer culture
in 35 mm Petri dishes (Corning) and cultured until confluent. Using a
pipette tip, a straight scratch was made in the cell layer. Cells were
imaged for 48 h and the migration of cells in the cultures was quantified
as gap closure=1 — % , where A1 was the initial gap area and A2 was
the final gap area.

2.8. Organotypic microtissue formation, ECM invasion, and AMD3100
treatment

After formation of compact spheroids, medium was robotically re-
moved from the wells. The protocol was optimized to ensure that
spheroids remained in the wells during aspiration. This was done by
adjusting the height of the pipette tip from the bottom of each well to
0.2 mm, maintaining a low aspiration rate of 0.6 pl/s, and offsetting the
position of the pipette tip 30% from the center of the wells where
spheroids were located. Cold collagen solution containing 1.5 x 10*
fibroblasts (HMFs or CXCL12*HMFs) was dispensed into each well
containing a spheroid. The well plate was incubated at 37 °C for 30 min
to form a collagen gel and then 60 ul of medium containing only 1%
FBS was added (Fig. 1A). For convenience, microtissues containing
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HMFs or CXCL12*HMFs are labeled +HMFs and +CXCL12*HMFs,
respectively. As a negative control, microtissues without fibroblasts
were generated by adding the collagen solution to wells containing a
cancer cell spheroid. Medium was refreshed every 72 h. Both aspirating
and dispensing of collagen solution and medium were carried out ro-
botically for accuracy and speed of sample preparation. Confocal
images were captured with a 10X objective on days 1, 3, and 5 to
assess matrix invasion of cancer cells. A 488 nm laser was used to excite
the fluorophore, while a 500-550 nm filter was used to capture eGFP
fluorescence from CXCR4*TNBC cells. Z-stacks were constructed from
images of samples acquired with a z-spacing of 20 pm. NIS software was
used for image acquisition and Fiji (ImageJ, NIH) was used for analysis
and 3D reconstruction. CXCR4 " TNBC cell invasion of the ECM was
quantified by analyzing images from both z-projected images and from
the individual images of each z-stack.

ECM invasion of cells was analyzed in two different ways. First, all
the confocal images from each sample were collapsed to form a z-pro-
jected image. This image was opened in ImageJ and the scale was re-
moved to set the scale to pixels and measure the area in pixels. Then,
color thresholding was used to select the area covered by the cells, and
pixel areas were measured to quantify invasion area. Because this
commonly-used method masks vertical displacement of cells, the ver-
tical scattering of cancer cells was also analyzed. Briefly, each image
from a stack of the confocal images was analyzed to measure the pixel
area occupied by the CXCR4 * TNBC cells. The area of pixels (labeled as
invasion area) was plotted against the z-distance of the images from
each stack to obtain a histogram. Each microtissue resulted in one
histogram and each data point in the histogram represented pixels area
from one image. Area under the curve (AUC) was measured from each
histogram in MATLAB (MathWorks). AUC values were averaged to
express 3D invasion cell areas.

Because dispersed fibroblasts contracted the collagen matrix, the
contractility of the matrix in each microtissue containing a cancer cell
spheroid and fibroblasts was expressed between 0 and 1, with 1 being
the highest matrix contraction. Then, ECM invasion of the
CXCR4 " TNBC cells was normalized with contractility and expressed as
normalized invasion cell area = (I_matnxlm X invasion cell area.

To block signaling from CXCL12*HMFs to CXCR4*TNBC cells,
microtissues were treated with 1 uM of AMD3100. Medium change was
done every other day using 40 pl of fresh medium containing
AMD3100. ECM invasion of CXCR4*TNBC cells was imaged using a
confocal microscope and analyzed as above.

2.9. Western blotting

Microtissues were treated with collagenase I (Sigma) for about
10 min with added mechanical agitation by pipetting to dissociate and
dissolve the matrix. Collagenase activity was neutralized by adding
triple amounts of complete growth medium using the manufacturer's
protocol. The resulting suspension was centrifuged to obtain a cell
pellet. The cells were washed with PBS and lysed with 500 pl of com-
plete RIPA buffer containing 1% protease inhibitors and 1% phospha-
tase inhibitors. The suspension was further sonicated twice at a 20%
amplitude for 5 s (Vibra-Cell, Sonics). A BCA protein quantification
assay (Life Technologies) was used to measure total protein con-
centration from the samples, of which 25 pl was loaded onto a 4-15%
gel (Bio-rad) for electrophoresis. The gel was transferred onto a ni-
trocellulose membrane by electroblotting, blocked in 5% non-fat dried
milk prepared in a wash buffer for 1 h, and incubated overnight with a
primary antibody. Primary antibodies used were rabbit anti-phospho-
Myosin Light Chain 2 (Thr18/Ser 19) antibody (Cat. No. 3674), rabbit
anti-Myosin Light Chain 2 antibody (Cat. No. 3672), rabbit anti-
phospho-PI3K antibody (Cat. No. 4228), rabbit anti-PI3K antibody (Cat.
No. 3358), rabbit anti-phospho-p44/42 MAPK (p-Erkl/2) antibody
(Cat. No. 9101), rabbit anti-p44/42 MAPK (Erk1/2) antibody (Cat. No.
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Fig. 1. Formation of organotypic tumor model. (A) Schematic process of formation of a microtissue containing a CXCR4 " TNBC spheroid and fibroblasts dispersed
in collagen. (B) 3D confocal reconstruction of a microtissue containing CXCR4*TNBC spheroids (blue) and fibroblasts (green). Collagen was not stained. The
numbers in the red box represent distances in micrometers. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)

9102), rabbit anti-phospho-AKT (Ser 473) antibody (Cat. No. 4060),
rabbit anti-AKT (Cat No. 9272), and GAPDH antibody (Cat. No. 5174),
all purchased from Cell Signaling Technology. The membranes were
washed and then incubated with anti-rabbit horseradish peroxidase
(HRP)-conjugated secondary antibody (Cell Signaling Technology, Cat.
No. 7074) for 1 h. Detection was carried out using ECL chemilumi-
nescence detection kit (GE Healthcare) with FluorChem E imaging
system (ProteinSimple).

2.10. Statistical analysis

Data were first checked for normality using Anderson-Darling
method in MINITAB. For normally distributed data, one-way ANOVA
with Tukey's pairwise comparisons were used to compare means among
three or more samples. Two-tailed, unpaired t-test was used to compare
two experimental groups. Normally distributed data from experiments
were expressed as mean = standard error. Non-Gaussian distributed
data were analyzed using two-tailed Mann-Whitney test. Values of
p < 0.05 denoted statistical significance.

3. Results
3.1. Fibroblasts contract the ECM

To reproduce solid breast tumors, we generated organotypic tumor
models containing a CXCR4 " TNBC cell mass within a collagen matrix
with dispersed fibroblasts (HMFs or CXCL12*HMFs). After forming a
compact CXCR4 " TNBC spheroid using our ATPS technology, we aspi-
rated the medium robotically, dispensed collagen solution containing
fibroblasts to embed the spheroid in each well, and incubated the plate
to allow collagen to gel (Fig. 1A). Prior to this, we also performed na-
noindentation of collagen gels to determine the elastic modulus value of
the collagen gel to match that of breast tumor tissues (Fig. S1A-B).
Fig. 1B shows a 3D reconstructed volume view of the microtissue where
a spheroid of CXCR4 " TNBC cells (MDA-MB-231; blue) is surrounded by
fibroblasts (green) dispersed in the collagen gel.

We observed that the cultures detached from walls of microwells
and shrank over time. To understand this phenomenon, we created
microtissues of collagen-embedded CXCR4*TNBC spheroids only or
collagen-embedded dispersed fibroblasts only. Cultures containing only
CXCR4 " TNBC spheroids in collagen did not shrink the gel even after
two weeks of culture, whereas both HMFs and CXCL12*HMFs con-
tracted the collagen gel time-dependently. To quantitatively study

contraction of the ECM by fibroblasts, we used known numbers of fi-
broblast cells in collagen gels of two different protein concentrations.
We first examined the spatial distribution of fibroblasts in collagen and
consistency of preparation. Fibroblasts were uniformity distributed in
the 3D space and the number of cells included closely matched the
number of cells quantified from the confocal images (Fig. 2A-B). Next,
we captured phase images of the cultures and quantified ECM con-
traction over time. This study considered effects of collagen gel elastic
modulus, fibroblast cell density, and fibroblast type (HMFs or
CXCL12*HMFs) (Fig. 2C-G).

We found that with the softer ECM, the effect of fibroblast cell
density was minimal and by day 4, the ECM shrank by 75-88% with
HMFs and 88-94% with CXCL12*HMFs (Fig. 2E~F). The stiffer ECM
showed significantly less contraction than the softer ECM for a given
cell density. For example, on day 4 and with 1 x 10* HMFs, the stiffer
ECM showed only 10% contraction, whereas the softer ECM had 87%
contraction. With both fibroblasts, there was a cell density-dependent
contractility effect, and larger cell densities caused a greater ECM
contraction. For example, with the stiffer ECM on day 10, increasing the
density of HMFs from 5 x 10° to 1.5 x 10* cells increased ECM con-
traction from 41% to 66%. Increasing density of CXCL12*HMFs in this
range increased ECM contraction from 52% to 85%. CXCL12"HMFs
more significantly contracted the ECM than HMFs at all cell densities
used, and this effect was more pronounced with the stiffer ECM. For
example, with a similar 1 x 10* cell density and on day 10,
CXCL12*HMFs caused 78% ECM contraction compared to 56% with
HMFs. Fig. 2G statistically compares ECM contraction by
CXCL12*HMFs and HMFs at the largest cell density used. This analysis
used for different cell densities showed that CXCL12*HMFs always
generate significantly greater matrix contraction than HMFs
(p < 0.05).

3.2. Mechanism of ECM contraction by fibroblasts

Consistent with our results, fibroblasts in human tumor stroma show
ECM remodeling ability and increased contractility [35,36]. To de-
termine whether potential morphological differences between HMFs
and CXCL12*HMFs contribute to their ability to generate force and
contract the ECM, we conducted whole gel immunofluorescence of fi-
broblasts stained with B-actin and Hoechst. Confocal imaging showed
that unlike HMFs, CXCL12*HMFs had a spindle-like, elongated mor-
phology (Fig. 3A). CXCL12*HMFs had a five-fold higher cell aspect
ratio than HMFs (Fig. 3B).
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Fig. 2. Collagen contraction by fibroblasts. (A) 3D view of spatial distribution of fibroblasts (green) in collagen. (B) Fibroblasts were dispersed in collagen at a
density of 2 x 10% 4 x 10% 6 x 10°, or 8 x 102 cells per well. Each well contained 20 pl of collagen solution. The number of cells in each well was estimated by
analyzing each stack of confocal images in MATLAB. Briefly, images from each stack were opened in ImageJ and XY coordinates of the cells were recorded in an excel
sheet. The coordinates were imported in MATLAB to count the total number of cells. The cells that had similar XY coordinates in four consecutive images were
considered redundant and hence counted only once. Each cell's XY coordinates usually repeated in two or three consecutive images. (C,D) Phase contrast images show
contraction of collagen gels, 1 mg/ml and 4 mg/ml, by fibroblasts at different densities of 5 x 10® (5k), 10 x 10° (10 k), and 1.5 x 10* (15 k) on day 4 and day 10.
Each density indicates the number of cells per well of 384-well plates. (E,F) Time-dependent contractility of collagen gels, 1 mg/ml and 4 mg/ml, by fibroblasts of
different densities (5 k, 10 k, and 15 k). (G) Comparison of matrix contractility of 4 mg/ml collagen gels by 15 k density of HMFs and CXCL12*HMFs. *p < 0.05,
n = 16. Two-tailed unpaired t-test was used to compare the two experimental groups. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

To understand the underlying molecular mechanism, we evaluated
activity of myosin light chain 2 (MLC2) protein that regulates acto-
myosin contractility and cell polarity. CXCL12*HMFs had 1.40-fold
higher p-MLC2/MLC2 than HMFs (Fig. 3C-D). This was also consistent
with the significantly higher motility (Fig. S2A-B) and RhoA and ROCK
I activity (Fig. S2C) in CXCL12*HMFs than HMFs. Using a ROCK in-
hibitor, Y27632, fully blocked collagen contraction by both fibroblasts
(Fig. S2D), establishing the RhoA/ROCK/MLC2 signaling as a major
mechanism of collagen contraction by fibroblasts. Both fibroblasts
dispersed in collagen had a similar level of metabolic activity, in-
dicating that the difference in their contractility was not due to po-
tential differences in their proliferation in culture (Fig. S3). Ad-
ditionally, supplementing CXCL12-conditioned medium to HMFs did
not make these cells more contractile (Fig. S4), negating a role for this
chemokine in fibroblast cell contractility. Overall, activities of the sig-
naling molecules that regulate cell-ECM mechnaotransduction support
the greater contractility of CXCL12*HMFs than HMFs in the organo-
typic tumor model.

3.3. The role of fibroblasts in matrix invasion of cancer cells

Next, we studied the role of fibroblasts on CXCR4*TNBC cell in-
vasion of ECM in the organotypic cultures. We used collagen-embedded
CXCR4*TNBC cell mass as a negative control to evaluate how HMFs
and CXCL12"HMFs regulate breast cancer cell invasiveness. In the
absence of fibroblasts, CXCR4*TNBC cells invaded the ECM and
showed astral-like protrusions from the spheroid (Fig. 4A).
CXCR4*TNBC cells showed contrasting behaviors when cultured with
different fibroblasts. While CXCL12 " HMFs promoted a significant ECM
invasion of CXCR4 *TNBC cells, HMFs suppressed CXCR4*TNBC cell
invasiveness (Fig. 4A). To quantitatively compare cancer cell invasion
of ECM among the three models, we normalized the invasion of
CXCR4*TNBC cells of each model on a measurement day by its matrix
contractility (Fig. 4B). This compensated the effect of ECM contraction
on masking the invasion distance of cancer cells. Cancer cell spheroids
in the three models showed a similar morphology after 24 h of in-
cubation. However, significant differences emerged after 3 days.

A B

Cell aspect ratio

0

CXCR4*TNBC cells in the model containing CXCL12*HMFs showed a
significantly more invasion than the other two models containing HMFs
or without any fibroblasts. With the CXCL12*HMTFs, invasion of
CXCR4"TNBC cells was 2.70-fold higher than that with HMFs, and
1.30-fold higher than that without fibroblasts (Fig. 4C). Maintaining the
cultures for 5 days increased these differences to 4.0-fold and 1.5-fold,
respectively.

To develop a holistic view of 3D distribution of invading
CXCR4*TNBC cells in the three models, we quantified CXCR4 " TNBC
cell numbers in different imaging planes and constructed histograms of
position of the cells along the z-axis (Fig. 5A, Fig. S5). On day 3,
CXCR4 " TNBC cells in models including CXCL12*HMFs or without fi-
broblasts showed similar invasion profiles and a larger number of cells
that invaded a greater distance than the model with HMFs (Fig. 5A).
Results from day 5 samples showed a striking difference in the dis-
tribution of invading cells between these models, which could not be
captured from the commonly-used analysis of a collapsed z-stack of
images. In the presence of CXCL12"HMFs, CXCR4 *TNBC cells showed
the most scattering along the z-direction, whereas HMFs significantly
inhibited invasion of CXCR4* TNBC cells. In the absence of fibroblasts,
there was no significant difference in the travel distance of cancer cells
in the z-direction from day 3 to day 5. To enable statistical comparison,
we averaged the invasion results from each model that confirmed a
significant increase in the ECM invasion of CXCR4*TNBC cells from
day 3 to day 5 only in the presence of CXCL12*HMFs (Fig. 5B).

To identify potential molecular mechanisms underlying invasion of
CXCR4 " TNBC cells due to signaling with CXCL12 " HMFs, we evaluated
activities of several prominent protein kinases associated with tumor
cell invasiveness. Results showed that ERK1/2 activity was significantly
higher by 1.4-fold in microtissues containing CXCL12*HMFs than those
with HMFs (Fig. 6A-B). In addition, we determined ERK1/2 phos-
phorylation in mono-cultures of only fibroblasts or TNBC spheroids in
collagen gel. The active levels of ERK1/2 in both fibroblasts were
comparable and even lower in TNBC spheroids. These results suggest
that CXCL12 signaling with CXCR4*TNBC cells in the organotypic
culture accounts for the increased ERK1/2 activity. We did not observe
any significant difference in activities of p-AKT or p-PI3K between the
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two organotypic models (data not shown).

3.4. Inhibition of ECM invasion of CXCR4* TNBC cells

We treated the CXCL12*HMFs-containing microtissues with 1 pM
of AMD3100, which is a potent antagonist of CXCR4. We imaged the
microtissues on days 1, 3, and 5 and used the z-projected images to
investigate the effect of blocking CXCL12 — CXCR4 signaling on ECM
invasion of CXCR4*TNBC cells. Only after 24 h of incubation, the
treatment significantly reduced ECM invasion of cancer -cells
(Fig. 7A-B). While cancer cell invasion of the matrix increased during
culture without treatment, blocking CXCR4 signaling maintained the
cancer cells as a minimally-invasive spheroid (Fig. 7A-B). Our mole-
cular analysis showed that blocking CXCR4 signaling significantly re-
duced p-ERK1/2 levels in the CXCR4"TNBC:CXCL12"HMFs micro-
tissue (Fig. 7C). These results further established the role of MAPK
pathway in TNBC cell invasiveness and the potential of inhibiting
tumor-stromal signaling as a therapeutic approach.

4. Discussion

Unlike approaches using co-cultures or Matrigel to form 3D cultures,
our high throughput organotypic tumor model both mimics the archi-
tecture of solid tumors and reproduces physical and biochemical
properties of the stroma. As a proof of concept in this study, we used
breast tissue fibroblasts as stromal cells and type I collagen as the pri-
mary component of ECM in breast tissue. To demonstrate feasibility of
adjusting properties of the system, we developed tumor models that
replicated elastic modulus of breast tumors. The 1 mg/ml and 4 mg/ml
collagen matrices had elastic moduli of 0.96 and 2.53 kPa to mimic
bimodal stiffness of human breast tumors [37,38]. We also adjusted the
cellular composition of the model to a 2:1 ratio of fibroblast:cancer cells
to mimic advanced breast tumors that have a larger stromal content,
which correlates with more advanced tumor and poorer prognosis

“p < 0.05, **p < 0.001, ***p < 0.0001,n = 8.

[39,40].

We observed significant contraction of the collagen matrix as early
as 48 h after forming the models. This ECM contraction was solely due
to the dispersed fibroblasts as a spheroid of CXCR4 * TNBC cells did not
shrink the matrix even after 2 weeks of culture. Additionally, there was
no significant difference in the matrix contraction of fibroblasts when
the culture contained or lacked tumor spheroids (data not shown). This
is consistent with the known capability of fibroblasts to remodel the
ECM in normal and pathological conditions such as wound healing,
fibrosis, and cancer [41,42]. We characterized ECM contraction as a
function of density and type of the fibroblasts (HMFs and
CXCL12*HMFs), and elastic modulus of collagen gel. Consistent with
results from 3D contraction assays [42,43], our finding suggests that
fibroblasts contract softer collagen hydrogels faster than stiffer ones,
and that a greater density of fibroblasts expedites the process. More
importantly, we found that CXCL12* HMFs contract the collagen matrix
more significantly than their normal counterparts, regardless of cell
density or elastic modulus of the matrix. We verified that the two fi-
broblasts in the organotypic model have similar proliferation rates (Fig.
S3), excluding the possibility of potential differences in their pro-
liferative activities causing the difference in their contractility.

Previous studies showed that activated fibroblasts, known as myo-
fibroblasts, enhance contraction of collagen lattices and feature elon-
gated morphology with stress fibers [44-46]. In addition, myofibro-
blastic stromal cells derived from diseased fibrotic tissue have enhanced
collagen contraction than stromal cells derived from normal tissue [47].
We hypothesized that CXCL12*HMFs may exhibit myofibroblastic
morphology responsible for their higher ECM contraction than HMFs.
Indeed, CXCL12*HMFs dispersed in collagen hydrogels had an elon-
gated morphology compared to HMFs that showed a branching mor-
phology (Fig. 3A). Seeding the fibroblasts on the surface of collagen gels
also reproduced this morphological difference (Fig. S6A). Additionally,
the clear difference in the morphology of these two fibroblasts persisted
at the same contractile time point. That is, CXCL12*HMFs on day 13
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n = 8.

and HMFs on day 4 had a similar matrix contractility of about 0.75
(Fig. 2G) but displayed drastically different morphologies (Fig. S6B).
Consistent with this finding, CXCL12*HMFs were more migratory than
HMFs in a wound healing assay (Fig. S2A-B). Our molecular analysis
showed that CXCL12"HMFs dispersed in collagen gels have a sig-
nificantly greater cell-matrix mechanotransduction activity than HMFs,
i.e., higher levels of contractility-associated proteins in the RhoA/ROCK
I/MLC2 pathway (Fig. 3C-D & Fig. S2C). This is consistent with studies
that show CAFs generate actomyosin-mediated contraction and re-
model ECM through this pathway [48-51]. These results suggest that
the different morphologies of HMFs and CXCL12"HMFs are inherent
properties of the cells.

To validate the biological relevance of our organotypic tumor
model, we investigated the effect of CXCL12-producing fibroblasts on

matrix invasion of breast cancer cells by focusing on the CXCL12 —
CXCR4 signaling axis. Among different soluble signaling molecules of
CAFs, CXCL12 is a prominent chemokine promoting invasion of cancer
cells [52,53]. CXCL12 enhanced invasiveness of CXCR4* TNBC cells
significantly and by four-fold compared to HMFs that lacked this che-
mokine. It is important to note that we normalized invasion of
CXCR4 " TNBC cells with matrix contractility that was quantified from
2D projected area of collagen gels. However, gels contract volume-
trically. Considering volumetric contraction of the matrix would in-
crease invasion of cancer cells in the model containing CXCL12"HMFs
even more. For example, approximating the shapes of hydrogels and
quantifying invasion of cancer cells in day 5 cultures using the volu-
metric approach resulted in eight-fold increase in the invasion of cancer
cells in the model containing CXCL12*HMFs than that with HMFs.
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Fig. 6. Molecular mechanism of ECM invasion of TNBC cells due to
CXCL12 - CXCR4 signaling. (A) Western blot analysis of ERK1/2 phosphor-
ylation in different microtissues. (B) Quantified p-ERK1/2 normalized with t-
ERK1/2 in five different microtissues. Data represent three separate experi-
ments. +HMFs and + CXCL12"HMFs indicate organotypic cultures containing
a TNBC spheroid and fibroblasts dispersed in collagen. For statistics, t-test was
used to compare + HMFs and +CXCL12*HMFs, whereas one-way ANOVA
with Tukey's pairwise comparisons were used to compare CXCR4*TNBC,
HMFs, and CXCL12*HMFs. *p < 0.05 and ***p < 0.0001.

Overall, this is consistent with studies that showed increased cancer cell
invasion in microenvironments enriched with CAFs [50,54], and that
CAFs promote invasion and metastasis of tumor cells in vitro and in
mouse models [55-57]. We found that this signaling converges on
MAPK pathway and amplifies ERK1/2 phosphorylation in
CXCR4"TNBC cells to mediate enhanced invasion of cancer cells,
consistent with the established role of ERK in tumor cell migration and
invasiveness [58-60]. As a therapy strategy, we demonstrated that
blocking CXCR4 leads to a significant reduction in ECM invasion of
CXCR4*TNBC cells. This is a promising treatment strategy for TNBC
disease because the lack of hormone receptors and low HER2 expres-
sion renders endocrine and targeted therapies not feasible.

To further delineate the importance of CXCL12 — CXCR4 signaling in
cancer cell invasion, we generated organotypic models containing
parental TNBC cells and CXCL12*HMFs fibroblasts. Results showed
minimal matrix invasion of parental TNBC cells on day 5 of cultures
(Fig. S7). This is because parental TNBC cells do not express detectable
levels of CXCR4 receptors [29], highlighting that invasiveness of breast
cancer cells depends on both components of this signaling axis. It is
important to recognize that in tumor microenvironments, there are
temporally dynamic changes in the expression levels of signaling mo-
lecules as the disease progresses. That is, the expression of CXCR4 re-
ceptor may be induced due to the persistent presence of its chemokine
ligand in tumor microenvironments. These changes often occur over
several months to years [61], and capturing them with in vitro systems
may not be readily feasible. In addition, in the organotypic
CXCR4 " TNBC:HMFs model that lacked CXCL12 to initiate CXCR4
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signaling, invasion of cancer cells was significantly reduced and cancer
cells remained confined to a spheroid (Fig. 4). This is consistent with
studies that showed normal mammary fibroblasts limit and even re-
verse malignant transformation of breast epithelial cells, which restore
their baso-apical polarity, secretion of a tissue-specific glycoprotein into
the acinar lumens, and deposition of basement membrane [62]. Normal
fibroblasts were also shown to inhibit proliferation and invasion of
malignant cells through processes including changes in ECM archi-
tecture and pro-inflammatory molecules [63]. Elucidating inhibitory
effects of normal fibroblasts on invasiveness of TNBC cells in our model
requires further studies.

Because co-culture spheroids are routinely used in cancer research,
we aimed to compare the ECM invasion of cancer cells in our organo-
typic model with intermixed co-cultures of fibroblasts and cancer cells
embedded in collagen. Results from intermixed co-cultures showed that
cancer cells from both CXCR4 * TNBC:HMFs and
CXCR4 *TNBC:CXCL12"HMFs co-cultures invaded the ECM without
any significant difference (Fig. S8A-B) [64]. Consistent with in-
compatibility of cell adhesion molecules of fibroblasts and cancer cells
[65,66], our previous study showed that the fibroblasts and
CXCR4*TNBC cells segregate from an intermixed spheroid, and that
this effect was greater with HMFs than with CXCL12"HMFs [16].
Considering that intermixed co-cultures do not mimic the architecture
of solid tumors in terms of spatial distribution of cancer and stromal
cells, our results suggest that their use for cancer cell invasion studies
can lead to misleading information.

Overall, this study underscores the value of our organotypic model
that reproduces spatial positioning of cells in solid tumors where cancer
cells are bordered by stroma containing dispersed CAFs [67,68]. The
modularity of our model allows convenient compositional adjustments,
including addition of other stromal cells such as immune and en-
dothelial cells and adjusting physicochemical properties of the ECM by
supplementing various ECM elements of tumor microenvironment such
as hyaluronan and fibronectin or using functionalized synthetic ma-
trices. The compatibility of our model with microwell plates enables
high throughput testing of chemical compounds using off-the-shelf ro-
botic liquid handling tools for cancer drug discovery applications.

5. Conclusions

We developed high throughput organotypic tumor microtissues that
mimic the structure and composition of solid breast tumors and re-
produce dynamic interactions between breast cancer and stromal cells
in presence of a natural ECM. This model allowed us to mechanistically
study the role of fibroblasts in contraction of collagen matrix and in-
vasiveness of TNBC cells. We demonstrated that both components of the
CXCR4 - CXCL12 tumor-stromal signaling are required to promote ECM
invasion of TNBC cells through the oncogenic MAPK pathway. We
showed that blocking tumor-stromal signaling using a targeted ther-
apeutic molecule may be employed as a therapy strategy to inhibit
invasiveness of breast cancer cells. This convenient-to-use and scalable
tumor model offers a great potential to study tumor-stromal interac-
tions and as a drug discovery tool in compound screening applications.
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