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Abstract—Deregulated dynamics of the extracellular matrix
(ECM) are one of the hallmarks of cancer. Studies on tumor
mechanobiology are thus expected to provide an insight into the
disease pathogenesis as well as potentially useful biomarkers.
TypeI collagen isamong the major determinants of breast ECM
structural and tensile properties, and collagen modifications
during tumor evolution drive a number of disease-related
processes favoring cancer progression and invasion. We inves-
tigated the use of 3D collagen-based scaffolds to identify the
modifications induced by cancer cells on the mechanical and
structural properties of the matrix, comparing cell lines from
two breast tumor subtypes with different clinical aggressiveness.
Orthotopic implantation was used to investigate the collagen
content and architecture of in vivo breast tumors generated by
the two cell lines. MDA-MB-231, which belongs to the
aggressive basal-like subtype, increased scaffold stiffness and
overexpressed the matrix-modifying enzyme, lysyl oxidase
(LOX), whereas luminal A MCF-7 cells did not significantly
alter the mechanical characteristics of extracellular collagen.
This replicates the behavior of in vivo tumors generated by
MDA-MB-231, characterized by a higher collagen content and
higher LOX levels than MCF-7. When LOX activity was
blocked, the ability of MDA-MB-231 to alter scaffold stiffness
was impaired. Our model could constitute a relevant in vitro tool
to reproduce and investigate the biomechanical interplay
subsisting between cancer cells and the surrounding ECM and
its impact on tumor phenotype and behavior.

Keywords—Cancer biomechanics, Collagen scaffolds, Breast
tumors, Stiffness, Aggressive cells.
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INTRODUCTION

The extracellular matrix (ECM) has a vital role in
the regulation of various biological pathways con-
tributing to development, tissue homeostasis and dis-
eases.” ECM properties are modified in multiple
pathological processes either as a cause or a result of
the disease pathogenesis.” In cancer, it is known that
ECM remodeling is capable of fostering a number of
tumor processes such as progression >* and metastasis
initiation.>® In particular, breast cancer has been de-
fined as a disease of altered mechanobiology: matrix
density, structure and stiffness, together with intersti-
tial fluid pressure and flow, change during tumor
evolution."” As an example, the collagen matrix of
breast cancer stroma is significantly stiffer and more
linearized than in normal tissue, due to a progressive
enzymatic crosslinking mediated by cancer cells.**
Linearized collagen fibers can substantially increase
growth factor-dependent cell migration and directly
promote tumor progression.’* In addition, altered
mechanical signaling affects cell survival, motility,
division, and differentiation.'*'>?! Investigations into
these processes provided a new insight into breast
cancer pathogenesis, leading to the identification of
clinically useful biomarkers. It has been shown that an
ECM gene signature can stratify breast cancer patients
into subclasses that predict outcome.® Furthermore,
increased breast tumor density in mammography has
proven to be significantly correlated with reduced
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progression-free survival in metastatic patients '* and
to be an excellent predictor of response to tamoxifen in
the preventive setting.'’

In vitro research offers several experimental meth-
ods and models to investigate the tumor mechanobi-
ology.® In particular, tridimensional (3D) biomimetic
matrices provide the ideal tools to efficiently recapit-
ulate tissue dimensionality and the biomechanical and
physical cues of tumor ECM."> A number of 3D sys-
tems have been used to investigate how cancer cells
interact with the ECM, or to address the impact of
mechanical signaling in diverse tumor phenotypes and
behaviors.”*** Collagen is a major component of the
breast connective tissue and is a key determinant of its
tensile properties® and of the macroscopic deforma-
bility of mammary tumors'® that are characterized by
increased collagen content and remodeling.*

In the present study we used a porous type I colla-
gen scaffold to investigate the ability of breast cancer
cells to produce alteration in the material mechanical
characteristic. This biomimetic matrix, providing a
physiological network in 3D, constitutes the model of
choice to reproduce in vitro the cel-ECM interactions.
Specifically, we assessed the modifications induced by
cancer cells on the compressive stiffness of the scaf-
folds, comparing cell lines of two breast tumor sub-
types characterized by different clinical aggressiveness
and distinct ECM characteristics. The aim was to
demonstrate whether this 3D model might offer a valid
and informative tool to recapitulate and investigate the
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biomechanical interaction between cancer cells and the
surrounding ECM.

MATERIALS AND METHODS

In Vitro Experimental Model

Two different human breast cancer cell lines, MCF-
7 and MDA-MB-231, were cultured for 10 days on 3D
porous collagen scaffolds. MCF-7 cells belong to the
luminal A subtype of breast cancer and are associated
with weak in vitro invasiveness, whereas MDA-MB-
231 belong to the basal-like subtype and are associated
with an invasive behavior'” and the ability to colonize
different sites (e.g. bone, liver, lung and brain) after
intravenous injection.?” At the end of the culture time,
the phenotypes of the two cell lines were characterized
by morphological and molecular analyses, while the
mechanical and structural properties of the scaffolds
were tested to assess the modifications induced in the
collagen matrix by either cell line (Fig. 1a).

Synthesis of the Porous Collagen Scaffolds

All chemicals were purchased from Sigma Aldrich
(USA). The scaffolds were synthesized from type I
bovine collagen, as described elsewhere.?® Briefly, a 1
wt% collagen suspension in acetate buffer (pH 3.5)
was prepared. The collagen was then precipitated to
pH 5.5 with NaOH 1 M. The collagen was then
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FIGURE 1. (a) Two human breast cancer cell lines, MCF-7 and MDA-MB-231, characterized by a diverse aggressive behavior, were
cultured for 10 days on porous collagen-based 3D scaffolds. At the end of the culture time, cells were characterized for mor-
phological and molecular phenotypes and the mechanical and structural properties of the scaffolds were analyzed; (b) photo of the
prototype device used to measure the compressive modulus of the collagen scaffolds.
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washed three times with deionized water and then
crosslinked in an aqueous solution of 1,4-butanediol
diglycidyl ether (BDDGE) (2.5 mM), for 24 h. Finally,
the collagen was washed three times and casted in
Teflon molds (9 mm in diameter) and freeze dried
through an optimized freezing and heating ramp to
obtain the desired pore size and porosity (from 25 to
—-25°C and from -25 to 25°C in 50 min,
p = 0.20 mbar). The morphology of the scaffold was
characterized by scanning electron microscopy (SEM)
and the pore size determined by ImageJ (US National
Institutes of Health); the swelling properties of the
scaffold and overall porosity were determined through
water and ethanol infiltration methods.”® Mean
diameters were determined by caliper measurement.
All analyses were performed on both control scaffolds
and scaffolds after a 10-day culture with MCF-7 and
MDA-MB-231 (after the decellularization step).

Cell Seeding and Culture

MCF-7 and MDA-MB-231 cell lines were obtained
from the American Type Culture Collection (USA).
All cells were maintained in DMEM medium supple-
mented with 10% fetal bovine serum, 1% penicillin—
streptomycin and 1% glutamine (PAA, USA) at 37 °C
in a 5% CO, atmosphere. Each scaffold was placed in
a 6-multiwell plate and seeded with 5 x 10'? cells by
dropping 50 uL of the cell suspension on the scaffold.
Cells were allowed to adhere for 1 h at 37 °C, after
which 4 mL of culture medium were gently added to
each well. After a 24-h incubation, all scaffolds were
carefully removed and placed in a new 6-multiwell
plate. Medium was replaced daily. Uncellularized
control scaffolds were maintained in cell-free culture
medium at the same temperature and humidity con-
ditions.

Cell Quantification

The number of cells infiltrating the scaffold on day
10 was assessed by total DNA content quantification
using the PicoGreen dsDNA assay (Invitrogen,
Carlsbad, CA, USA). The total DNA was extracted
using DNeasy Blood & Tissue Kit (Qiagen, Duessel-
dorf, Germany) following the manufacturer’s instruc-
tions and 100 L. of DNA mixture were then added to
100 uL of PicoGreen reagent working solution. Fluo-
rescence of the samples was measured with a micro-
plate reader (FLUOstar OPTIMA BMG LABTECH,
Ortenberg, Germany), with excitation and emission
wavelengths of 480 and 520 nm, respectively. The total
number of cells was determined using the conversion
factor of 7.7 pg DNA/cell.

Histological Analysis

The collagen constructs were fixed in 10% neutral
buffered formaldehyde and dehydrated in a graded
series of ethanol. Samples were then embedded in
paraffin, sliced at a thickness of 5 um with a rotating
microtome (Leica Biosystems, USA) and mounted on
Superfrost Plus microslides (Thermo Fisher Scientific,
USA). Hematoxylin and cosin (H&E) staining was
performed to evaluate cell morphology and distribu-
tion in the scaffold matrix.

LOX Inhibition

The activity of LOX was blocked by the irreversible
LOX inhibitor, f-aminopropionitrile (BAPN) (Sigma
Aldrich).*?"** MDA-MB-231 cells within the scaffold
were treated with 500 uM of BAPN 24 h after seeding.
BAPN was administered on a daily basis until the end
of the experiment. On day 10 the culture was stopped,
cell proliferation with or without LOX inhibition was
assessed by MTT assay, and the mechanical test was
performed.

Scaffold Decellularization

The scaffolds were decellularized in 0.5% Triton X-
100 for 1 h at room temperature and then washed three
times in phosphate saline buffer (PBS). Uncellularized
scaffolds were exposed to the same decellularization
process to ensure that the experimental conditions did
not contribute to scaffold mechanical properties.
Decellularization was confirmed by the absence of
MTT metabolization. The remaining DNA content of
the decellularized scaffolds was assessed as follows:
total DNA was extracted using the DNeasy Blood &
Tissue Kit (Qiagen, Germany) following the manu-
facturer’s instructions and quantified with a Nano-
Drop ND-1000 spectrophotometer.

Mechanical Testing

We developed a prototype loading device to apply a
state of unconfined uniaxial compression to the colla-
gen scaffolds (Fig. 1b). This in-house built instrument
consisted of a base support with a cylindrical hole
(diameter 30 mm, depth 0.5 mm) designed to lodge the
scaffold specimen, and a cylindrical piston (diameter
10 mm) to indent the specimen with known force val-
ues. The applied stress (o, in kPa) could then be
computed by dividing the applied force by the cross
section of the specimen. The applied force consisted of
a pre-load of 0.09 N (corresponding to a pre-stress of
1.41 kPa), which was held constant for 30 s; the full
load of 0.38 Newton (corresponding to 5.97 kPa) was
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then constantly applied for 30 s. Such holding times
were sufficient for the visco-elastic time-dependent
deformation to reach an equilibrium. The piston was
equipped with a dial gauge (Borletti, Milan, Italy) to
measure the piston displacement while the specimen
was compressed. The consequent strain (g, dimen-
sionless) was computed by dividing the measured pis-
ton displacement by the height of the specimen. The
dial gauge had a resolution of 0.002 mm (corre-
sponding to a resolution of 0.1% for the strain). The
stiffness (compressive modulus, in kPa) of the collagen
scaffold was computed as the ratio between the incre-
ment of stress and increment of strain from the pre-
load to the full load values.” The specimens were tested
in air immediately after having been removed from the
PBS where they were soaked. The compressive mod-
ulus of collagen scaffolds decellularized after a 10-day
culture with MCF-7 or MDA-MB-231 was compared
with that of uncellularized scaffolds. Five specimens of
each type were tested. Each specimen was tested 10
times to improve the quality of the measurement. The
compressive modulus of each specimen was computed
as the average of the 10 repeated measurements.

Microscopy Analysis

The collagen scaffolds were imaged by SEM and
Laser Confocal Microscopy. For SEM imaging, sam-
ples were washed in 0.1 M sodium cacodylate buffer
pH 7.4 and fixed in 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer pH 7.4 for 2 h at 4 °C.
Samples were then dehydrated in a graded series of
ethanol, desiccated and sputter-coated with platinum.
Images were acquired with a Nova NanoSEM (FEI,
USA). For confocal imaging, cells were washed in 1%
PBS and fixed with 4% paraformaldehyde for 20 min
at room temperature. Images where taken with an Al
laser confocal microscope (Nikon Corporation, Ja-

pan).

Quantitative Real-Time Reverse Transcription-PCR
(qRT-PCR)

Total mRNA was isolated using TRIzol Reagent
(Invitrogen, USA) following the manufacturer’s
instructions. Five hundred nanograms of RNA were
reverse-transcribed using the iScript cDNA Synthesis
Kit (BioRad, USA). The final mixture was incubated
at 25 °C for 5 min, 42 °C for 20 min, 47 °C for 20 min,
50 °C for 15 min, and finally a 85 °C for 5 min. Real
Time-PCR was performed in a 7500 Real-Time PCR
System (Applied Biosystems, USA) using the TagMan
universal assay mix (Applied Biosystems). Amplifica-
tion was performed in a final volume of 20 uL con-
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taining 2x Gene Expression Master Mix (Applied
Biosystems) and 2 uL of cDNA. The reaction mixtures
were all subjected to 2 min at 50 °C, 10 min at 95 °C
followed by 40 PCR cycles at 95 °C for 15 s and 60 °C
for 1 min. The stably expressed endogenous f-actin
and HPRT were used as reference genes. Three target
markers were analyzed: vimentin (VIM), E-cadherin
(CDH1) and lysyl oxidase (LOX). The amount of these
transcripts was normalized to the endogenous refer-
ence genes and expressed as n-fold mRNA levels rel-
ative to a calibrator using the comparative threshold
cycle (Ct) value method (AACt). The calibrator used
for all the analyses was a mix of the RNA extracted
from MCF7 and MDA-MB-231 in standard mono-
layer cultures.

MTT Assay

Cell survival in MDA-MB-231 treated with the
LOX inhibitor BAPN was assessed by MTT assay.
Briefly, the scaffolds were incubated for 2 h at 37 °C in
0.5 mg/mL of MTT solution (Sigma Aldrich). After
solubilization in acidic isopropanol, the absorbance
was read at 550 nm. Cell survival was determined by
comparing the average absorbance of cells in the ab-
sence or presence of BAPN treatment.

Xenograft Study

To establish orthotopic breast tumors, MCF-7-Luc2
and MDA-MB-231-Luc2 cells, both marked with a
luciferase probe, were suspended in 100 uL of matrigel
(BD, Franklin Lakes, NJ, USA) at a concentration of
5 x 10'? cells and orthotopically injected into the right
mammary fat pad of 8 week-old female immunodefi-
cient nu/nu nude mice. Tumor growth was followed by
in vivo bioluminescence imaging and caliper measure-
ment every 2-3 days after the injection. After 4 weeks,
tumors were resected and embedded in Optimal Cut-
ting Temperature (OCT) compound and cryo-sec-
tioned.

Collagen Staining

Trichrome staining and Picrosirius red were per-
formed on the OCT-embedded frozen tissues to study
the tumor collagen matrix, and on collagen scaffold
sections. Trichrome staining (Abcam) was performed
according to manufacturer’s instructions. For
Picrosirius red the frozen sections were stained with
0.1% (Direct Red 80) (Sigma Aldrich) sirius red in
saturated aqueous solution of picric acid and coun-
terstained with Weigert’s hematoxylin. The RGB
images were analyzed by ImageJ.
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Statistical Analysis

At least three independent experiments were per-
formed. Data are presented as mean =+ standard error
(SE), with n indicating the number of replicates. For
in vitro and in vivo data, differences between groups
were assessed by a two-tailed Student’s ¢ test and ac-
cepted as significant at p < 0.05.

RESULTS

Collagen Scaffold Properties

The collagen scaffolds had a mean diameter of
9 4+ 0.5 mm (Fig. 2a) and a mean thickness of 2 mm.
The size of the pores ranged from 150 to 300 pum, with
a mean pore size of 197 £ 25 um (Fig. 2b and 2c).
Collagen fibers showed a high degree of structural
assembling and preserved their typical D-bands (ar-
rowhead) (Fig. 2d) a characteristic axial D-periodic
(67 nm) morphology derived from the self-assembly of
single collagen molecules. The scaffolds displayed a
mean porosity percentage of 87.8 + 4.1 (Fig. 2e¢).

Collagen Remodeling in Breast Xenograft Tumors

Orthotopic implantation of MCF-7 and MDA-MB-
231 in female immunodeficient mice was performed to

Collagen scaffold properties

Diameter: 9 +/- 0.5 mm

Pore diameter distribution:  150-300 um

Average pore diameter: 197 + 25 ym
Porosity (%) 87.8+4.1

FIGURE 2. (a) Photos of the collagen-based scaffold; (b—d)
SEM analysis of the scaffolds at different magnifications with
the typical D-bands (d) identified by white arrows and a yellow
dotted line showing their axial disposition; (e) scaffold macro-
and micro-properties.

investigate the collagen content and architecture in the
ECM of in vivo breast tumors. After 4 weeks both cell
lines had developed detectable mammary tumors.
Bioluminescence imaging and caliper measurement
showed that MCF-7 grew considerably slower than
MDA-MB-231 displaying a mean tumor volume of
70 + 15 um® compared to 388 + 68 yum® of MDA-
MB-231 (Fig. 3a). Trichrome staining of resected
tumor sections revealed a higher presence of thick
collagen fibers in MDA-MB-231 orthotopic tumors
compared to those generated by MCF-7 (Fig. 3b).
Moreover, quantification of the collagen percentage in
Picrosirius red stained sections showed that MDA-
MB-231 tumors displayed a significantly higher colla-
gen content than that of MCF-7 ones (p = 0.0005)
(Fig. 3c). Finally, the in vivo expression of the matrix
crosslinking enzyme LOX was markedly higher for
MDA-MB-231 than for MCF-7 (Fig. 3d).

Interaction of Breast Cancer Cells with the
Extracellular Collagen Matrix

When cultured on collagen scaffolds, the two cell
lines generated tissue-like structures and maintained
their distinctive features: MCF-7 displayed an epithe-
lial-like morphology with a tightly cohesive cobble-
stone appearance, while MDA-MB-231 showed a
mesenchymal phenotype with lower cell-to-cell contact
and a spindle appearance (Fig. 4a). Both cell lines
proliferated within the scaffold, and on day 10 the
number of cells reached about 9 x 10° for MCF-7 and
9.8 x 10° for MDA-MB-231 (Fig. 4b). Gene expres-
sion analysis showed that MCF-7 had a high level of
E-cadherin expression but low vimentin, while MDA-
MB-231 showed lower levels of E-cadherin and a high
vimentin expression (Fig. 4c). MDA-MB-231 proved
capable of internalizing collagen: confocal images of
the scaffold matrix revealed the presence of blue col-
lagen spots in the scaffolds cellularized with MDA-
MB-231. These signals were not detectable in empty
scaffolds or in the presence of MCF-7 cells (Fig. 4d).
The collagen spots showed an intracellular localization
that was further highlighted in images processed with
Image] software (Fig. 4e).

Assessment of the Prototytpe Loading Device
Repeatability

Preliminary tests were performed on MDA-MB-
231-cultured scaffolds to evaluate the repeatability of
the measures obtained with the prototype loading de-
vice. The instrument and setting conditions exhibited
good consistency that resulted in homogeneous dis-
persion of the different measures, as well as of the
average values of technical replicates (Fig. 5a). The
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(a) Bioluminescence imaging of mammary tumors in nude mice generated by orthotopic injection of MCF-7 or MDA-

MB-231 and caliper measurement of tumor volume after 4 weeks (um?); (b) trichrome staining of OCT-embedded MCF-7 and MDA-
MB-231 orthotopic tumors; (c) Picrosirius red staining of OCT-embedded MCF-7 and MDA-MB-231 orthotopic tumors with quan-
tification of the mean percentage of collagen to total area; (d) relative quantitation values of LOX in MCF-7 and MDA-MB-231

orthotopic tumors. Data are mean + SE. * p<0.05.

intra-assay coefficient of variation was 10.7%, which
was deemed sufficient for our purposes. No condi-
tioning effect was detected when the same specimen
was repeatedly loaded.

Alteration of the Compressive Stiffness of Collagen
Scaffolds by Invasive Breast Cancer Cells

We investigated the effect of MCF-7 and MDA-
MB-231 on the stiffness properties of collagen scaffolds
by comparing the compressive modulus of uncellular-
ized samples with that of samples decellularized after
10 days of culture with either cell line. The efficacy of
the decellularization process was confirmed by MTT
metabolization, which was virtually absent in decellu-
larized samples (Fig. 5b). Furthermore, the DNA
content decreased from 175.9 + 16.46 ng/uL for cel-
lularized scaffolds to 11.1 4 4.9 ng/ulL for decellular-
ized scaffolds (Fig. 5¢). MCF-7 did not significantly
affect the mechanical properties of the scaffolds:
uncellularized samples displayed an average compres-
sive modulus of 47.1 + 1.8 kPa, while samples decel-
lularized after MCF-7 culture showed an average
compressive modulus of 48.9 £+ 1.3 kPa. Conversely,
MDA-MB-231 cells produced a significant (p = 0.038)
increase in the scaffold stiffness: uncellularized samples
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displayed an average compressive modulus of
46.9 + 2.7 kPa, while samples decellularized after
MDA-MB-231 culture had an average compressive
modulus of 57.9 4+ 3.6 kPa (Fig. 5d). Scaffold com-
pressive modulus increased by 23% after MDA-MB-
231 cell culture, in sharp contrast to the increase
observed after culture with MCF-7 (<5%) (Fig. Se).
Finally, MDA-MB-231 within the collagen scaffolds
showed around a 1000-fold higher expression level of
LOX than MCF-7 (Fig. 5f).

Collagen Scaffold Remodeling by Breast Cancer Cells

After 10 days’ culture within the scaffold, MCF-7
and MDA-MB-231 cells altered the structural micro
and macro characteristics of the collagen matrix. A
significant decrease in the scaffold swelling property
was produced by both cell lines with respect to uncel-
lularized samples (p = 0.022 for MCF-7 and
p = 0.042 for MDA-MB-231) (Fig. 6a). The average
porosity was also reduced, albeit not significantly
(Fig. 6b). Both cell lines decreased the mean pore area
of the scaffold, but the decrease produced by MDA-
MB-231 was markedly higher compared to that of
MCE-7 (p = 0.002 for MDA-MB-231) (Fig. 6¢). SEM
analysis showed the presence of a rough and irregular
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FIGURE 4. (a) Hematoxylin & eosin staining of paraffin-embedded sections of the 3D scaffolds cultured with MCF-7 or MDA-MB-
231, and SEM imaging of scaffolds cultured with MCF-7 or MDA-MB-231; (b) number of MCF-7 and MDA-MB-231 infiltrating the
scaffold on day 10; (c) relative quantitation values of E-cadherin (CDH1) and vimentin (VIM) in MCF-7 and MDA-MB-231 cells; (d)
confocal images of the collagen matrix (blue, autofluorescence) of an empty scaffold (uncell) and of scaffolds cellularized with
MCF-7 or MDA-MB-231; (e) confocal microscopy analysis of GFP-labeled MDA-MB-231 (green, GFP) on collagen scaffolds (blue,
autofluorescence) and processed images to exclude the cell signal. Data are mean + standard error (SE).

matrix over the scaffold surface after MCF-7 and
MDA-MB-231 culture, whereas uncellularized samples
displayed a smooth and regular surface (Fig. 6d).

Collagen quantification by Picrosirius red staining
showed that the two cell lines did not increase the
collagen content of the scaffold with respect to uncel-
lularized samples (Fig. 6¢). This result suggests that
matrix proteins other than collagen were deposited by
the two cell lines.

The scaffold matrix architecture differed markedly
between uncellularized samples and samples cultured
with MCF-7 or MDA-MB-231, as detected by Mas-
son’s trichrome staining. In particular, the matrix
appeared more organized, densely packed and with
linear collagen fibers (arrowhead) in the presence of
MDA-MB-231, whereas uncellularized scaffolds and

scaffolds cultured with MCF-7 displayed a more dis-
persed and disorganized matrix (Fig. 7a).

Impairment of MDA-MB-231 Cell Ability to Increase
Collagen Stiffness by LOX Inhibition

The survival percentage of BAPN-treated MDA-
MB-231 cells was similar to that of untreated controls,
indicating that BAPN did not affect proliferation
(Fig. 7b). In the presence of LOX inhibition the ability
of MDA-MB-231 cells to increase the stiffness of the
collagen scaffold was reduced: uncellularized samples
displayed an average compressive modulus of
55.5 &+ 2.6 kPa, while samples decellularized after
MDA-MB-231 culture with BAPN treatment showed
an average compressive modulus of 58.1 + 5.2 kPa
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FIGURE 5. (a) Stiffness values for uncellularized (uncell) scaffolds or for scaffolds decellularized (decell) after a 10-day culture

with MDA-MB-231, expressed as the slope of the sigma-epsilon curve (sigma-eps) (kPa); (b) 550 nm absorbance of uncellularized,
cellularized (cell) or decellularized MTT-stained scaffolds; (c) DNA content (ng/uL) of uncellularized, cellularized or decellularized
scaffolds (d) average slope of the sigma-eps curve (kPa) for uncellularized scaffolds or for scaffolds decellularized after a 10-day
culture with MCF-7 or with MDA-MB-231; (e) percentage increase in the slope of the sigma-eps curve for scaffolds decellularized
after a 10-day culture with MCF-7 or MDA-MB-231 with respect to uncellularized scaffolds; (f) relative quantitation values of LOX in

MCF-7 and MDA-MB231. Data are mean + SE. * p<0.05.

(Fig. 7c). Scaffold compressive modulus increased by
8.9% with LOX inhibition compared to 23% without
LOX inhibition (Fig. 7d).

DISCUSSION

A dynamic mechanical interaction subsists between
cancer cells and the surrounding ECM environment
and governs essential tumor processes.”> Thus, inves-
tigating the cancer mechanobiology represents a great
opportunity to achieve a better understanding of the
disease and to identify novel therapeutic targets or
prognostic biomarkers. Three-dimensional scaffolds
that enable the tuning of matrix microstructure, stiff-
ness and composition offer a unique in vitro experi-
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mental model to study the effects exerted by these
biochemical and physical parameters on the behavior
of cancer cells.?***3 In this study we have utilized type
I collagen scaffolds as an in vitro 3D biomimetic model
to study the cellFECM interaction occurring between
either MDA-MB-231 or MCF-7 breast cancer cells,
that are known to have different clinical aggressive-
ness.'” Towards this end, our collagen scaffolds were
the model of choice, as it (i) resembled the main
component of the ECM; (ii) can be easily fabricated;
(ii1) and each feature can be tuned (e.g. structure, pore
size, porosity, wettability, degradation).?

Mechanical signaling from the ECM influence dif-
ferent tumor phenotypes,””"** and the mechanical
characteristics of tumors and tumor cells are predictive
of the disease clinical behavior.’'*! We first showed
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FIGURE 6. (a) Swelling property, (b) average porosity (%) and (c) average pore area of collagen scaffolds of samples without cells
(uncell) and samples decellularized after a 10-day culture with MCF-7 or MDA-MB-231; (d) SEM analysis at different magnifications
of the scaffolds without cells (uncell) and decellularized after a 10-day culture with MCF-7 or MDA-MB-231; (e) Picrosirius red
staining of paraffin-embedded scaffolds without cells (uncell) and decellularized after a 10-day culture with MCF-7 or MDA-MB-231,
with quantification of the mean percentage of collagen with respect to the total area. Data are mean = SE. * p<0.05. N.B. The
decellularization process was also performed on empty scaffolds to avoid any bias between samples without cells and samples
decellularized after culture with MCF-7 or MDA-MB-231; the decellularization process affected the scaffold structure, as shown by

SEM analysis.

that in vivo orthotopic tumors generated by MDA-
MB-231 cells, belonging to the more aggressive basal-
like subtype, were characterized by elevated collagen
content and high expression of LOX compared to
tumors generated by MCF-7. Increased LOX levels
and tumor stiffness have been associated with pro-
gression’?*?%3% and local invasion via oriented cell
migration on aligned collagen fibers.*> Moreover, the
elevated expression of fibrillar collagens has been
linked to the invasive and aggressive behavior of breast
tumors.* Similar changes have been described by
Acerbi and colleagues in specific subtypes of breast
cancers. The authors found that the stroma at the
invasive region of basal-like and Her-2 tumor subtypes
was the most heterogencous and the stiffest when
compared to the less aggressive luminal A and B sub-
types.! The two cell lines within the scaffolds preserved
their specific phenotypes. Weakly aggressive MCF-7
cells displayed an epithelial-like morphology and a

high expression of the E-cadherin epithelial marker.
Conversely, MDA-MB-231 showed an infiltrating and
mesenchymal phenotype with lower E-cadherin
expression and high levels of vimentin. Loss of E-
cadherin is a key step in the epithelial to mesenchymal
transition (EMT) process and has been implicated in
cancer progression and metastasis, while vimentin
expression drives a number of cellular processes
including motility.”> Using an originally-developed
prototype instrument to assess the compression-de-
pendent viscoelastic properties of collagen scaffolds,
we were able to show that MDA-MB-231 produced a
significant increase in macroscopic stiffness of our
in vitro biomimetic model. While both cell lines in-
duced a decrease in the scaffold swelling property and
pore area, probably as a result of new matrix deposi-
tion, MDA-MB-231 cells proved capable of remodel-
ing the scaffold architecture, producing a more
organized and densely packed matrix. This cell line
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FIGURE 7.

(a) Trichrome staining of paraffin-embedded scaffolds without cells (uncell) and decellularized after a 10-day culture

with MCF-7 or MDA-MB-231; (b) Survival percentages of MDA-MB-231 cultured within the scaffold in the absence (NO BAPN) or
presence (BAPN) of a LOX inhibitor; (c) average slope of the sigma-eps curve (kPa) for uncellularized scaffolds or for scaffolds
decellularized after a 10-day culture with MDA-MB-231 in the presence of LOX inhibition; (d) percentage increase in the slope of the
sigma-eps curve for scaffolds decellularized after a 10-day culture with MDA-MB-231 in the presence or absence of LOX inhibition
(BAPN and NO BAPN, respectively) with respect to uncellularized scaffolds. Data are mean = SE. * p<0.05.

expressed high levels of the collagen-crosslinking en-
zyme LOX both in vivo and in the collagen scaffolds.
Conversely, MCF-7 expressed lower levels of LOX and
did not significantly modify scaffold stiffness or
architecture. Collagen crosslinking is related to its
stiffness properties © and is, to a large extent, enzy-
matically catalyzed by the lysyl oxidase family.*® When
LOX activity was blocked, the ability of MDA-MB-
231 to alter scaffold stiffness was impaired, providing a
causal correlation between LOX-mediated collagen
crosslinking and the observed increase in stiffness.
Finally, MDA-MB-231 seemed to have the ability of
collagen internalization which constitutes an impor-
tant mechanism for ECM turnover and remodeling.'®
This process has been correlated with breast cancer
progression and is mediated by the uPARAP/Endo180
receptor, expressed in basal-like breast tumor cells.*
Recent findings have also shown that EMT is able to
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enhance the ability of cancer cells to internalize colla-
gen.'®

Overall this work provides evidence that cancer cells
belonging to the aggressive basal-like subtype of breast
tumors display a greater ability to modify the sur-
rounding ECM and in particular are able to alter the
mechanical properties of extracellular collagen. Al-
though our scaffold did not reproduce all the physio-
logical characteristics of the breast ECM (i.e. it
displayed a larger pore size), the cells showed a strong
interaction with this matrix. Furthermore, the increase
observed in the scaffold stiffness is consistent with the
collagen characteristics in in vivo tumors and with pre-
vious findings on the ECM of basal-like breast cancers.'

These observations demonstrate that 3D collagen
scaffolds might constitute a relevant and informative
experimental model to address the mechanobiology
of cell-kECM interaction. Moreover, due to the
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abundance of functional groups, collagen can be
functionalized with further components of the ECM *’
and the properties of the matrix tuned to achieve dif-
ferent mechanical characteristics in order to investigate
their role in the tumor phenotypes and behavior.
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