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The development of resistance to therapy is a significant obstacle to effective therapeutic regimens. Evaluating
the effects of oncology drugs in the laboratory setting is limited by the lack of translational models that
accurately recapitulate cell-microenvironment interactions present in tumors. Acquisition of resistance to
therapy 1is facilitated, in part, by the composition of the tumor extracellular matrix (ECM), with the primary
current in vitro model using collagen I (COL I). Here we seek to identify the prevalence of COL I-enhanced
expression in the triple-negative breast cancer (TNBC) subtype. Furthermore, we identify if methods of re-
sponse to therapy are altered depending on matrix composition. We demonstrated that collagen content varies in
patient tumor samples across subtypes, with COL I expression dramatically increased in typically less ag-
gressive estrogen receptor (ER)-positive(ER")/progesterone receptor (PGR)-positive (PGR™) cancers irrespec-
tive of patient age or race. These findings are of significance considering how frequently COL I is implicated in
tumor progression. In vitro analyses of ER" and ER-negative (ER") cell lines were used to determine the effects
of ECM content (collagen I, collagen IV, fibronectin, and laminin) on proliferation, cellular phenotype, and
survival. Neither ER" nor ER™ cells demonstrated significant increases in proliferation when cultured on these
ECM substrates. ER™ cells cultured on these substrates were sensitized to both chemotherapy and targeted
therapy. In addition, MDA-MB-231 cells expressed different morphologies, binding affinities, and stiffness
across these substrates. We also demonstrated that ECM composition significantly alters transcription of
senescence-associated pathways across ER" and ER™ cell lines. Together, these results suggest that complex
matrix composites should be incorporated into in vitro tumor models, especially for the drug-resistant TNBC
subtype.
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Impact Statement

The importance of tumor extracellular matrix (ECM) in disease progression is often inadequately represented in models of
breast cancer that rely heavily on collagen I and Matrigel. Through immunohistochemistry analysis of patient breast tumors,
we show a wide variation in collagen content based on subtype, specifically a repression of fibril collagens in the receptor
negative subtype, irrespective of age and race. We also demonstrated that tumor ECM composition alters cellular elasticity
and oncogenic pathway activation demonstrating that physiologically relevant three-dimensional models of breast cancer
should include an ECM that is subtype specific.
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EXTRACELLULAR MATRIX FOR IMPROVED BREAST CANCER MODELING

Introduction

MOLECULAR CHARACTERISTICS, SUCH as receptor status,
are used to classify breast cancer subtypes.' Despite
known molecular markers for intervention, many patients
still develop resistance to therapies.>> One mechanism by
which cancer cells develop drug resistance is tumor mo-
lecular heterogeneity. Breast cancer is a heterogeneous
disease exhibiting diversity between patients (inter-tumor
heterogeneity) and within the same individual (intra-tumor
heterogeneity).* Although not fully distinguished, inter-
tumor heterogeneity may be driven in part by the tumor
microenvironment and extracellular matrix (ECM).5 Cel-
lular binding to ECM components promote prosurvival
pathways that enhance the viability of cancer cells and build
resistance to therapies.® The role that the mechanical in-
tegrity of the ECM plays in activating survival and prolif-
eration pathways to induce drug resistance is vital for the
progression of breast cancer.” Despite these known associ-
ations between ECM and cancer survival, to date, the effect
of molecular composition in breast cancer progression is
less understood.

Specific components of ECM, such as collagen I (COL 1),
are well studied because of their association with poorer
prognosis by increasing overall tumor stiffness, which fa-
cilitates cancer progression.>'° To date, the characterization
of matrix stiffness has been well identified as a mechanism
for drug resistance and breast cancer proliferation.!'™'* As
tumors expand, the native ECM is remodeled, altering its
molecular composition to favor tumor progression.

A recent proteomic study evaluating tumor matrix elevated
in breast tumors compared with proximal nondiseased breast
tissue demonstrated that COL I was not specifically elevated
in triple-negative breast cancer (TNBC). Furthermore, fibro-
nectin (FN), fibril-associated COL (COL12A1), and tenascin
C were observed to be elevated in all breast cancers compared
with proximal tissue.”> An immunohistochemistry (IHC)
analysis of 134 tumors isolated from breast cancer patients
revealed that FN expression was found to positively correlate
with an increased mortality risk, lymph node involvement, and
Ki67 proliferation-associated index, but did not correlate with
estrogen recel%tor (ER) or progesterone receptor (PGR) re-
ceptor status. > Collagen IV (COL IV) expression positively
correlated with tumor size and negatively correlated with ER
and PGR status. Laminin (LAM) expression was inversely
correlated with ER and PGR status and positively correlated
with Ki67 expression.'® This suggests that ECM protein
composition may correlate with breast cancer subtypes and
patient outcomes.

Despite the observed relevance of subtype-specific ex-
pression of ECM in breast cancer and associated patient
survival, much of breast cancer data are generated in arti-
ficial systems that rely primarily on COL I owing to the
relatively low cost and high availability of COL I. In ad-
dition, there is no subtype-specific matrix for use in breast
cancer research. Tumor-specific ECM is not yet an integral
component of in vitro drug studies where two-dimensional
tissue culture plastic (TCP) is the gold standard. What has
not yet been identified is the role matrix composition has on
altering cellular physiology and response to therapy.'” The
goal of this study was to determine the need for subtype-
specific matrix.
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Materials and Methods
Cell culture

ER-positive (ER*; MCF-7 ZR-75) and TNBC (BT-549,
MDA-MB-157, MDA-MB-231) were maintained in 5%
carbon dioxide at 37°C and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% Hyclone Cosmic
Calf Serum (HyClone Laboratories), 50ng/mL insulin
(Sigma-Aldrich), and 1% minimal essential medium amino
acids, non-essential amino acids, sodium pyruvate, and
antibiotic-antimycotic (Gibco). Research was done under
approved IRB exemption number E10882.

Matrix-induced breast cancer cell viability

ER" breast cancer lines and TNBC lines were cultured on
TCP control or Corning® BioCoat™ plates (Corning) coated
with either COL IV, LAM, or FN. Cell density was 2000
cells/well. Cells were allowed to expand on coated dishes
for 3 days then treated with paclitaxel (10nM), PI3K in-
hibitor idelalisib (100 nM), or dimethyl sulfoxide (DMSO)
control. At day 5, plates were analyzed with alamarBlue
(Thermo Fisher) and read at 595nm. Cells cultured on
matrix and treated with therapies were normalized to results
of cells cultured on TCP and treated with the same therapies.

Cell senescence assay

Breast cancer cell lines were seeded on TCP, COL 1V,
FN, and LAM Corning BioCoat 96-well plates at 1000 cells/
well in culture media. At day 7, SA-B-gal was used to
quantify senescence (ENZ-KIT129-0120; Enzo Life Sci-
ences, Inc.). Results were normalized to TCP.

Immunofluorescence staining and imaging

Breast cancer cell lines were seeded on TCP, COL 1V, EN,
and LAM coated 96-well plates (Corning BioCoat) at 2500
cells/well. After 3 days, cells were fixed and stained with
Alexa Fluor® 488 Mouse anti-Ki-67 (BD Biosciences) and
4’ 6-diamidino-2-phenylindole following manufacturer’s pro-
tocol. Three representative images were taken of each well at
20 x magnification. Percent Ki67-positive cells was calculated
by dividing the number of Ki-67 positive cells by the total
number of DAPI stain (n=3). Actin filament stain was per-
formed on cells seeded on TCP, COL IV, FN, and LAM
Corning BioCoat 96-well plates at 2500 cells/well. After
3 days of culture, cells were fixed and stained with Alexa Fluor
488 Phalloidin (Invitrogen) following manufacturer’s protocol.

Immunohistochemistry

Frozen tissue sections (5 um) of diagnosed breast cancer
(Origene) were stained for Masson Trichrome through Tu-
lane University Histology Core (New Orleans, LA, USA).
Patient information (receptor status, age, and race) when
known is given in Supplementary Table S1.

Cell elasticity and cell binding force assays

Three-dimensional (3D) printed blocks measuring 0.5 cm
on all sides (0.125cm’) were cast in polydimethylsiloxane
and used to make molds (Supplementary Fig. S1A, B) for
human COL I, COL 1V, FN, and LAM (Corning). Molds
were used as described hereunder to coat glass slides. Matrix



502

solutions (0.25 mg/mL) were poured into the molds and
incubated overnight at 37°C. Molds were removed after three
coatings and cells were seeded. Optical tweezing was adapted
from previously described methods.'® Elasticity measurements
were performed after 3 h. Polystyrene beads were trapped by the
infrared laser beam. The motorized stage of the scope (Nikon
TE2000) was programmed to move the cell against the bead to
make an indentation in the cell (Supplementary Fig. SIC-E).
From the indentation and optical force measulrements,19 the cell
elasticity was obtained as described elsewhere.”

Cell binding force was measured using coated microscope
slides prepared as detailed previously. Concentrations of
ECM proteins for this assay were 1 mg/mL of COL type IV,
LAM, and FN. After drying, a razor blade was used to make
a straight cut at one edge of the coating. The cells were
collected from the previously mentioned culture and added
to the coated slide. Cell binding force was measured as
previously described.'® Cells suspended in culture media
were added to the coated microscope slide and a single cell
was trapped with the optics and moved against the coating
(Supplementary Fig. SIF-H). Cells were held for 10s and
then moved away at 5 pum/s. The experiment was repeated
decreasing the laser power, until the cell remained attached
to the coating. Finally, the optical force applied to detach the
cells was determined using trapping force calibration curves
generated before experimentation. The obtained optical
force corresponds to the initial binding force. The Stokes’
Force created by the movement of the cell was very low
compared with the applied optical force and can be ne-
glected. For each sample, the experiment was repeated with
15-20 different cells at several places on the material.

Quantitative Real-Time-polymerase chain reaction

MDA-MB-231 cell line was cultured on matrix Corning
BioCoat flasks COL IV, LAM, and FN-coated T25 flasks and
TCP at a density of 5x10° cells, cultured for 3 days and
collected for RNA extraction. Total RNA was extracted with
Zymo RNA extraction kit (Zymo Research, CA, USA). One
microgram RNA was used to generate cDNA (qScript cDNA
SuperMix; Quantabio, MA, USA) per manufacturer’s proto-
col. PerfeCTa SYBR® Green SuperMix (Quantabio) was used
and total gene expression analysis was through the AACt
method. Data were normalized to housekeeping gene CYCB
with biological triplicates (n=3) + standard error of the mean
(SEM). Complete primer sequences are given in Supple-
mentary Table S2.

Kaplan—Meier plots and gene expression correlation

Kaplan—-Meier (KM) survival plots were made using KM
plotter?" for relapse-free survival. The KM plotter nRNA gene
chip breast cancer data set was used. Patient splits were median
and restricted analysis for subtype was selected for ER"
(n=2565 samples), ER-negative (ER™; n=1214 samples), and
no restrictions (n=3951 samples). Significant difference was
p<0.05. For protein correlations based on race, the Tang-2018
data set was used, no receptor status was selected. Correlation of
COLIAI and COLIA2 gene expression and receptor status was
evaluated through the Breast Cancer Gene-Expression Miner
v44 (n=4319). RNA sequencing TCGA (n=1034) and
The Sweden Cancerome Analysis Network - Breast data sets
(n=3678) were used. Population query was receptor status (ER/
PGR) using THC.

BYRNE ET AL.

Statistical analysis

All data were analyzed for statistical significance using
a t-test in Prism GraphPad. Survival and polymerase chain
reaction (PCR) experiments were carried out in triplicate
with error bars representing SEM. Error bars for binding
force and elasticity measurements represent standard de-
viation (SD). Binding force measurements were carried out
with 15-20 cells/condition. For elasticity of cells, nine
different cells on each substrate were measured at four or
five different places on the cell. The large SDs of binding
force and elasticity measurements is owing to several ex-
perimental parameters, like the laser stability that distort
the trapping force, external vibrations, the surface rough-
ness of the polymer, the contact point between cell and
polymer or the cell itself that can be more or less damage
by the laser.

Results
Matrix fibrillar composition is subtype specific

To assess the correlation of fibril COL content and breast
cancer subtype, tumor slides from 35 patients were stained
with Masson’s Trichrome and total fibrillar COL content
was evaluated across breast cancer subtypes: ER*/PGR*Y/
human epidermal growth factor receptor 2 (HER2"), ER"/
PGR/HER2", HER2", and TNBC (ER/PGR/HER2).
Tumors were classified as having high, medium, or low
COL content based on the intensity and coverage of
stain (Fig. 1A). ER-positive tumors (ER"/PGR*/HER2™
and ER"/PGR/HER2") had high fibrillar COL content
(Table 1 and Fig. 1A). In contrast, the ER™ tumor subtypes
TNBC and HER2" had only lower levels of COL (Table 1
and Fig. 1A).

To determine if additional patient-specific factors regulated
total fibrillar COL content, tumors (irrespective of receptor
status) were evaluated for correlations of COL content with
patient race (Black and White) and age. Black patients scored
as having high fibril COL content were all ER" and comprised
57.14% of the tumors. All TNBC tumors derived from Black
patient samples had either medium (28.57%) or low (14.28%)
total fibrillar COL. White patient samples had 53% scored as
high COL content and all samples except one were ER"
(Table 1). The median patient age for all tumor slides, irre-
spective of tumor subtype, was 46 years of age and the age
range was between 20 and 84 years of age. Tumor samples
below the median age (<45 years of age) were evaluated in
comparison with tumor slides derived from tumor patients
above the median age (age =60 years). For tissue slides
obtained from patients who were <45 years of age, 31.25%
of these tumors had high fibrillar COL content with four
from the HER2" cohort displaying no elevated COL. For
tumor slides obtained from patients over 260 years of age,
69% of samples scored as having high COL content; all
samples were ER™ with three samples designated as ER"/
PGR™ (Table 1). These data suggest that the TNBC and
HER2" subtypes have lower levels of total fibrillary COL
compared with the ER" subtypes, irrespective of addi-
tional factors such as patient age and race.

To quantifiably demonstrate that receptor status corre-
lated with fibrillar COL expression, RNA sequencing from
TCGA and SCANB data sets was used to evaluate COLIA]
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FIG. 1. TNBC has collagen I expression. (A) Percent of tumors that stained for high, medium, or low fibril collagen

expression evaluated with Masson Trichrome stain across breast cancer subtypes based on receptor status: ER*/PGR*/HER™
or ER/PGR/HER", n=21 tumors. Data mining of RNA sequencing of breast cancer tumors for ER and PGR receptor
expression of (B) COLIAI and (C) COLIA2. N=4319 tumor samples, Database used Breast Cancer Gene-Expression
Miner v4.4. Statistically different p <0.0001. ER, estrogen receptor; HER, human epidermal growth factor receptor; PGR,
progesterone receptor, TNBC, triple-negative breast cancer.

and COLIA2 gene expression in ER*, PGR*, and HER2*
tumors. COLIAI and COLIA2 had significantly (p<
0.0001) decreased expression in ER/PGR™ tumors com-
pared with ER* tumors (Fig. 1B, C). HER2 status did not
correlate with the expression of either COLIAI or COLIA2

expression (data not shown). Patient age inversely correlated
with COLIAI and COLIA2 gene expression (Supplemen-
tary Fig. S2). KM plotter demonstrated no correlation with
COLIAI or COLIA2 expression and survival in ER*/PGR*/
HER2", ER/PGR/HER", or ER/PGR/HER2™ data sets
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TABLE 1. PERCENTAGE OF TUMORS THAT STAINED
FOR HIGH, MEDIUM, AND Low COLLAGEN CONTENT
GROUPED BY RECEPTOR STATUS, ORIGIN
OF TISSUE, AGE, AND RACE

BYRNE ET AL.

TABLE 2. UPREGULATED EXTRACELLULAR MATRIX GENES
CORRELATE WITH HAZARD RATIO USING KAPLAN-MEIER
SURVIVAL ANALYSIS FOR ESTROGEN RECEPTOR POSITIVE

AND ESTROGEN RECEPTOR NEGATIVE PATIENTS

High  Medium  Low
(%) (%) (%)
Receptor status
ER*/PGR*/HER2" 64.29 35.71 0
ER*/PGR /HER2™ 57.14 28.57 14.28
HER2* 20 80 0
TNBC (ER/PGR/HER2") 42.86 28.57 28.57
Origin
Lobular 66.67 33.33 0
Ductal 44.44 44.44 11.11
Lobular/ductal 50 50 0
Age
<45 Years of age 31.25 62.5 6.25
>60 Years of age 69.23 23.08 7.69
Race
African American 57.14 28.57 14.28
Caucasian 53.85 38.46 7.63

ER, estrogen receptor; HER; PGR, progesterone receptor, TNBC,
triple-negative breast cancer.

(data not shown). When segregated by ER status only, ER™
tumors had high COLIAI and COLIA?2 expression correlated
with poor patient survival (Table 2). To determine if other
matrix components correlated with breast cancer overall sur-
vival, KM plots were generated for all COL, LAM, and in-
tegrin gene expression (Table 2). The hazard ratio varied
between ER* and ER™ tumors (Table 2). In summary, 46
genes were found to correlate with patient survival: 16 col-
lagens, 1 elastin, 9 integrins, and 10 laminins. Of those genes,
only five were seen in both ER" and ER™ tumors: COL4A2,
COLI13A1, ITGAS, ITGAE, and ITGAL. There were no ob-
served fibrillary COLs (I, III, V) or FN to be associated with
patient survival uniformly across both ER* and ER™ tumors.

Matrix molecular composition regulates
response to therapy

Breast cancers commonly present with heterogeneity
between patients, even with common receptor status. Be-
cause of the observed differences in matrix fibrillar COL
expression and patient outcome, we next sought to deter-
mine the effects of matrix composition on the proliferation
and survival of a panel of ER* (MCF-7 and ZR-75) and ER™
(BT-549, MDA-MB-157, and MDA-MB-231) cell lines
(Fig. 2). Paclitaxel, a commonly used chemotherapy in
breast cancer, and idelalisib, a PI3K inhibitor, were chosen
for this study.~*> Idelalisib was chosen because the PI3K
oncogenic pathway is suggested to be enhanced in breast
cancer and with matrix adhesion.?® Cancer cell lines were
seeded on TCP, COL I, COL IV, FN, and LAM-coated
plates. These coatings were chosen as COL I is commonly used
for breast cancer tumor models; COL IV, FN, and LAM have all
been shown to influence patient survival and disease progres-
sion. However, a subtype-specific response has not been de-
termined'®?’ (Table 2). Cells seeded on TCP control or matrix-
coated dishes were treated with DMSO control (Fig. 2A),
paclitaxel (Fig. 2B), or idelalisib (Fig. 2C). The results from

Gene HR p Gene HR p

ER*
COL4AI 146 6.80E-06 ITGAL 0.79 5.00E-03
COL4A2 134 470E-04 ITGBI 1.15 9.10E-02
COL6A6 0.61 9.10E-04 ITGB4 0.78 3.60E-03
COLI3A1 1.29 2.00E-03 ITGBS 0.6 6.40E-04
COLI4A1 0.7 1.50E-02 LAMAI 0.77 1.50E-03
COLI7A1 0.76 1.10E-03 LAMA2  0.76 9.80E-04
ELN 0.74 2.50E-04 LAMA3  0.74 4.10E-02
ITGAS 1.19 4.20E-02 LAMB3  0.73 2.10E-04
ITGAS 0.74 4.00E-02 LAMB4  0.83 2.50E-02
ITGAE 1.25 7.60E-03 LAMC2 0.76 1.20E-03

ER™
COLIAI 156 13E-04 COLISAI 1.6 5.4E-05
COLIA2 152 3.0E-04 ITGA4 0.71 3.4E-03
COL3AI 14 39E-03 ITGAS 1.46 1.1E-03
COL4Al 148 6.6E-04 ITGAE 0.79 3.7E-02
COL4A2 1.28 3.4E-02 ITGAL 0.76 1.7E-02
CoL4A5 13 22E-02 ITGAM  0.77 2.2E-02
COL5A1 154 18E-04 ITGAV 1.4 3.3E-03
COL5A2 151 3.6E-04 ITGB2 0.75 1.3E-02
COL5A3 136 73E-03 ITGBLI 0.77 3.8E-06
COL6AI 1.28 32E-02 LAMA4 1.58 8.8E-05
COL6A3 13 21E-02 LAMBI 1.65 1.7E-05
COLIOAI 147 9.6E-04 LAMB2 1.33 1.2E-02
COLI3AI 149 59E-04 LAMCI 1.33 1.2E-02

HR, hazard ratio.

cells seeded on matrix and treated with DMSO control were
normalized to cells seeded on TCP and treated with DMSO
control (Fig. 2A). Evaluation of basal differences in cellular
response to matrix composition demonstrated that the ER* cells
had increased cell numbers when cultured on matrix coatings,
whereas ER™ cells displayed no change (Fig. 2A).

Results from cells seeded on matrix and treated with
paclitaxel and idelalisib were normalized to cells cultured
on TCP and treated with those therapies (Fig. 2B, C). Fol-
lowing drug treatment, ER™ cell lines (BT-549, MDA-MB-
157) were significantly sensitized to both chemotherapy and
PI3K inhibition when seeded on LAM coatings compared
with treatment response on TCP. The BT-549 cell line had
an observed decrease in cell numbers of 77.7% +4.0%
(p<0.05) and 53.8+4.9 (p<0.05) on LAM when treated
with paclitaxel and idelalisib, respectively, compared with
treatment of cells on TCP (Fig. 2B, C). Similarly, the MDA-
MB-157 cell line had decreased cell numbers, 78.8 £2.5
(p<0.05) and 54.8+6.8 (p<0.01) on LAM when treated
with paclitaxel and idelalisib, respectively (Fig. 2B, C).
MDA-MB-231 did not yield significant differences in pac-
litaxel or idelalisib treatment. When treated with paclitaxel
or idelalisib, the ER™" cell lines were less sensitive to therapy
when cultured on all matrix types, MCF-7 cells cultured on
FN had a significant increase in the percentage of cells
(110.6+1.9, p<0.05) (Fig. 2B, C). TNBC cell lines cultured
on FN also showed less sensitivity to both therapies
(Fig. 2B, C). These data suggest that both matrix type and
receptor status alter the response to therapy.
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FIG. 2. Matrix composition and receptor status regulate response to therapy. ER™ (BT-549, MDA-MB-157, and MDA-
MB-231) and ER" (MCF-7 and ZR-75) cell lines were cultured on TCP, COL IV, FN, and LAM then treated with (A)
DMSO, (B) paclitaxel, and (C) idelalisib. Cells were cultured for 24h and then treated. Results were analyzed using
alamarBlue viability assay. Error bars represent SEM, n=3, p<0.05. Results were analyzed using alamarBlue viability
assay and normalized to TCP for each treatment. Error bars represent SEM, *p <0.05, **p<0.01. COL IV, collagen 1V;
DMSO, dimethyl sulfoxide; FN, fibronectin; LAM, laminin; SEM, standard error of the mean; TCP, tissue culture plastic.

Matrix composition alters morphology, cell adhesion,
and signaling

Earlier studies suggest changes in response to therapy on
matrix composites are regulated by alterations in cell-matrix
adhesions.'"*® Because of the observed differences in the
response of the TNBC cell lines on matrix, we sought to
determine if matrix composition altered the cellular actin
cytoskeleton arrangements in TNBC. TNBC cell lines were
seeded on COL IV, FN, and LAM coatings. Results dem-
onstrated that all cell lines expressed different morphologies
depending on the ECM substrate they were cultured on
(Fig. 3A). BT-549 and MDA-MB-157 appear to be more
polarized when cultured on LAM and have a morphology
similar to that as TCP. Furthermore, BT-549 and MDA-MB-
157 cell lines had more focal adhesions on COL IV and
FN-coated dishes (Fig. 3A). MDA-MB-231 cells did not
display the same morphological changes as MDA-MB-157
and BT-549 cells; specifically, cells maintained an overall
polarized morphology in addition to areas of very large
cytoskeletal arrangement. We next investigated alterations
to genes associated with adhesion pathways and cancer
progression. We looked at integrins associated with different
ECMs in cancer: COL (ITGA1/2),**° LAM (ITGA3/6),>!
and FN binding (ITGAV/5)** (Fig. 3B). We also looked at
focal adhesion kinase (FAK) pathway genes Ras-related C3
botulinum toxin substrate (RAC), integrin linked kinase
(ILK), and FAK (Fig. 3C). Analysis of integrin gene ex-
pression in MDA-MB-231 showed significant changes in
ITGA2 (0.41£0.10-fold change, p <0.05) when cultured on
COL I and ITGA6 (1.68 £0.05-fold change, p<0.01) when
cultured on FN (Fig. 3B). RACI was significantly upregu-
lated (1.47x0.11-fold change, p<0.05) when cells were
cultured on FN; however, other core intracellular signaling
genes (ILK, FAK) were unchanged (Fig. 3C).

The effects of matrix composition on cellular elasticity
and cell binding was next evaluated. Seeding of single-cell
suspensions of MDA-MB-231 cells on matrix demonstrated
three cell shapes (round, oval, or spindle) following 3 h of
adhesion on different matrix types (Fig. 4A—C). There was
no observed preference for a singular shape on different
matrix types. Because cellular adhesions influence cell

elasticity, we then quantified cellular elasticity for each
defined cell shape on the different substrates. The effects of
matrix on cell shape, elasticity, and binding were investi-
gated using optical tweezers. Single cell suspensions were
evaluated on each matrix composite with elasticity mea-
surements performed after 3 h. Of interest, LAM and COL I
did not appear to alter cellular elasticity when cells were
grouped by shape (Fig. 4A-C).

The combined average elasticity of all cells cultured on
substrates varied greatly with COL I measuring 14.5 Pa +3.8
(SD) and LAM measuring LAM was 37 Pa 9.1 (SD)
(Fig. 4A). In contrast, FN and COL IV demonstrated changes
in cellular elasticity that was dependent on cell shape and
matrix (Fig. 4A). These differences suggest that cell shape
may also be regulated by cellular affinity to matrix, particu-
larly in COL IV where elasticities of 5.4 Pa £0.71 (SD) were
measured for oval-shaped cells and 49.1 Pa £14.8 (SD) in
round shape resulting in a nearly 10 x difference.

To determine if altered cell shape was a result of cellular
affinity to different matrix composites, we again evaluated
singular cell suspension of MDA-MB-231 cell line with
optical tweezers. To determine cellular attachment forces,
singular MDA-MB-231 cells were allowed to adhere to
matrix for 10s and then the force required to remove cells
on each matrix was measured. Results demonstrated that
MDA-MB-231 cells did not bind the matrix with equal af-
finity; FN (> 82.2 pN) induced the greatest cellular affinity
and the binding force of the cells was greater than the op-
tical force. LAM (77.8 pN £6.3) was next followed by COL
IV (59.9 pN =11.8) (Fig. 4D).

Because of differences in response to therapy and ob-
served changes in cell adhesion, we next sought to deter-
mine if there were alterations in cellular proliferation and
survival pathways. Our initial evaluation of cell number did
not demonstrate a significant change in TNBC cell lines
(Fig. 3A). We next sough to precisely define if cellular
proliferation was altered through the evaluation of cell
proliferation marker Ki67. Ki67 expression was not signif-
icantly altered in TNBC cell lines when seeded on COL IV,
FN, and LAM for 3 days (Supplementary Fig. S3A). In
accordance with this finding, western blot analyses of MDA-
MB-231 breast cancer cells cultured on TCP, COL 1V, FN,
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and LAM-coated dishes for 3 days demonstrated no sig-
nificant differences in activation of prosurvival and prolif-
eration pathways AKT or ERK, as evident through western
blot for p-AKT SER473 and p-ERK THR202/TYR204
(Supplementary Fig. S3B). Together, these results demon-
strate that matrix composition did not significantly alter the
long-term activation of AKT, ERK, or proliferation.

Cellular proliferation was not altered; we next investigated
cellular senescence with the detection of the presence of
SABgal. TNBC and ER™ cell lines were seeded on matrix-
coated plates (COL, FN, LAM) for 3 days and the amount of
SAPgal present was measured using a plate reader (Fig. SA).
BT-549 and MDA-MB-231 cell lines on COL IV had in-
creased SAPgal (1264120, p<0.01 and 337.1£31.3,
p <0.05, respectively) compared with TCP. In contrast, MDA-
MB-157 cells had significantly decreased levels of SABgal
(30.4£3.6, p<0.01). FN demonstrated a similar trend, MDA-
MB-231 cells had significantly increased levels of SAPgal
(354.2+40.8, p<0.05) and MDA-MB-157 had decreased
SABgal (27.6£2.0 (p<0.001). When cultured on LAM,
MDA-MB-231 (72.9+3.9, p<0.05), MCF-7 (64.3+64,
p<0.05), MDA-MB-157 (67.0+3.3, p<0.01), and ZR-75
(68.9£6.8, p<0.05) all demonstrated significant decreases in
Safgal; BT-549 remained unchanged. There was no change in
ER" cells on COL IV and FN.

To determine if cell senescence pathways were altered with
cellular adhesion, quantitative PCR for senescence-associated

genes (p53, p19, p21, RBI) was performed on MDA-MB-231
cells seeded on matrix (Fig. 5B). MDA-MB-231 cells cultured
on LAM had decreased p79 (0.69 £ 0.05-fold, p <0.05) and p53
(0.75£0.02-fold, p<0.01) expression compared with TCP
control. In comparison, MDA-MB-231 cells cultured on COL I
showed significantly decreased expression of p79 (0.65 +0.04-
fold, p<0.05), p21 (0.61+0.05-fold, p<0.05), and p53
(0.57£0.03-fold, p<0.01) compared with TCP.

We next performed western blot for phosphorylation of p53
S15 adhesion of MDA-MB-231 cells on COL 1V, FN, and LAM
for 3 days. Results demonstrated no significant changes in p53
on any matrix composite (Supplementary Fig. S4). We next
evaluated changes in p38 following adhesion of MDA-MB-231
cells on different matrix substrates. JPCR (Fig. 5C) and western
blot (Fig. 5D) for p38 expression and activation in MDA-MB-
231 cells cultured on COL I, COL IV, FN, and LAM after 3 days
of adhesion demonstrated a significant reduction in expression
in p38 gene isoforms but no change in total protein expression.
These data demonstrate alterations in senescence-associated
pathways at the transcriptional level, however, long-term
studies may be needed to see associated protein changes.

Discussion

These data provide novel insight on mechanisms of inter-
and intra-tumor heterogeneity in breast cancers. We high-
lighted the fact that collagen content in tumors can vary
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significantly from patient-to-patient with respect to receptor
status (Table 1 and Fig. 1) and age of the patient (Table 1
and Supplementary Fig. S2). Of particular note are the
findings that COL1A1 and COL1A2 have an overall me-
dium to low expression in TNBC tumors, which is in con-
trast to ER* tumors that have high collagen expression
(Fig. 1B, C). These fundamental differences shine a light on
the need for subtype-specific, physiologically relevant,
translational models to understand the complexity created
by breast cancer heterogeneity. With this insight, we can
gain increased understanding of why individuals with sim-
ilar subtypes respond differently to treatment.

Efforts by other researchers to improve the biological rele-
vance of culture conditions include the use of 3D hydrogel
cultures that can be found in microphysiological systems
(MPSs). The cancer cells cultured in 3D hydrogels may be
cocultured with stromal cells,33’34 cultured as tumor spher-
oids,”” and even as vascularized cocultured tumor spher-
oids.*®3? Often, rat-tail-derived COL I is chosen as the hydrogel
in these cultures because of its wide commercial availability,
low cost, and ability to crosslink simply by increasing the
temperature from 4°C to 37°C. With the data presented here, we
demonstrate the need for designing engineered, subtype-
specific ECM to be used for in vitro therapeutic screening.
Combining subtype-specific ECM with advanced hydrogel
MPSs could be key in improving clinical translation of models.

Breast cancer progression and resistance to therapy, which
require more physiologically relevant models to accurately
study, is achieved through multiple mechanisms including in-
creased survival and proliferation pathways, induction of cell

dormancy/cellular senescence, immune evasion, and cancer
stem cell phenotype. Here we demonstrate, for the first time, a
novel role for tumor ECM as a mediator of morphology, ad-
hesion, and potentially even cellular senescence. Preliminary
results indicate that different matrix components elicit subtype-
specific responses. Here, matrix induced a pro-survival phe-
notype in ER* cancer cells (Fig. 2A). Matrix is a key factor in
progression, drug resistance and enhanced proliferation
through matrix stiffening in both ER* and ER™ cells."'**

Survival and proliferation are increased by the upregu-
lation of integrin signaling pathways. Here, we see no ob-
served increase in proliferative markers (Ki67) or pathways
in our TNBC cells on COL IV (Supplementary Fig. S3).
These findings could be explained by the similarities in
stiffness of TCP and thinly coated dishes and suggest that
the proproliferative effect is mediated by substrate stiffness,
not composition. One limit to this study was that we utilized
a single 3-day time point for endpoint analysis. This time
point was used to allow cells time to acclimate to the new
culture condition; however, additional time points may be
required to see translational effects of matrix adhesion as
induced protein changes were not observed. Future work
should include multiple time points.

Another limitation of this study was the use of monoculture,
which is not representative of the heterogeneous cell popula-
tions found in vivo. However, our goal was not to recreate
in vivo conditions, but instead to demonstrate that even changes
in individual ECM proteins can dramatically alter cellular be-
havior and response. Future work could aim at addressing this
limitation by including more complex culture conditions.
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We identified dysregulation in cellular senescence path-
ways at the transcriptional level (Fig. 5). Cellular senescence
is a potent mechanism to suppress proliferation. However,
senescent cells can secrete molecules that promote tumori-
genesis and transform cells in the microenvironment.***!
This is observed in cancer cells in metastatic sites, during
evasion of immune response, and in cells that fail to respond
to chemotherapy. The TNBC cell lines demonstrated the
largest increase in induction of cell senescence on different
matrix substrates, providing new insight on drug resistance.
Cells that undergo senescence as a defense mechanism can
propagate tumorigenesis through their secretions.*> We did
not see increased expression or activation of p53 in MDA-
MB-231 cells that had increased Safgal (Fig. SA). p19 and
p21 were downregulated, suggesting that other mechanisms
may be governing this process (Fig. 5B). Future work should
include extended time points to elucidate the discrepancy in
data of transcriptional versus translational changes in
senescence-associated pathways and a more thorough profil-
ing of senescence-associated markers.

We also observed changes in cellular elasticity (Fig. 4A—
E), morphology (Figs. 3A and 4A-C), and altered
senescence-associated pathway gene expression (Fig. SB-E).
Here we demonstrated significant changes in the expression
of integrins in MDA-MB-231 cells (Fig. 3B). Loss of ITGA2
drives metastasis in multiple cancers, including breast.**™*¢
Upregulation of ITGA6 is implicated in metastasis and re-
duced sensitivity to radiotherapies.*’ " Altered expression of
these integrins could explain altered cellular morphologies,
elasticities, and cellular binding (Fig. 4). Although we only
profiled a small subset of integrin proteins based on their
association with LAM, COL, and FN, the role for integrin
expression and activation of oncogenic pathways is undis-
puted.”’ Preclinical success has been achieved for integrin
inhibitors™*; using ECM composition to select integrin in-
hibitors would create precision medicine for patients.

Conclusion

Although further studies are needed, these preliminary
results suggest that novel matrix mechanisms are responsi-
ble for differences in the cellular response to therapy and
that these differences are subtype specific. The informatics
data presented in Figure 3 and Table 1 can guide future
studies to identify those mechanisms that play a role in re-
sponse to therapy and patient prognosis. The research pre-
sented here suggests that matrix composition plays a key
role in breast cancer response to therapy. We demonstrate
for the first time that matrix composition alters cell elasticity
and morphology. Pinpointing the mechanism for matrix-
induced drug resistance and the source of differential matrix
remodeling has the potential to elucidate the mechanism for
the heterogeneous response of tumors to therapy. In addi-
tion, novel neoadjuvant therapies designed to target integrin
adhesion may prove useful in treating TNBC, which cur-
rently has no molecular targets, and provide better patient
precision medicine.
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