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Mesenchymal-epithelial transition (MET) is essential for tissue and organ development and is
thought to contribute to cancer by enabling the establishment of metastatic lesions. Despite its
importance in both health and disease, there is a lack of in vitro platforms to study MET and
little is known about the regulation of MET by mechanical cues. Here, hyaluronic acid-based
hydrogels with dynamic and tunable stiffnesses mimicking that of normal and tumorigenic
mammary tissue were synthesized. The platform was then utilized to examine the response of
mammary epithelial cells and breast cancer cells to dynamic modulation of matrix stiffness.
Gradual softening of the hydrogels reduces proliferation and increases apoptosis of breast
cancer cells. Moreover, breast cancer cells exhibit temporal changes in cell morphology,
cytoskeletal organization, and gene expression that are consistent with mesenchymal-epithelial
plasticity as the stiffness of the matrix is reduced. A reduction in matrix stiffness attenuates

expression of integrin linked kinase, and inhibition of integrin linked kinase impacts
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proliferation, apoptosis, and gene expression in cells cultured on stiff and dynamic hydrogels.
Overall, these findings reveal intermediate epithelial/mesenchymal states as cells move along a
matrix stiffness mediated MET trajectory and suggest an important role for matrix mechanics

in regulating mesenchymal-epithelial plasticity.

1. Introduction

Mesenchymal-epithelial transition (MET) is a dynamic phenotypic change in which migratory,
spindle shaped cells with front-rear polarity and weak cell-cell contacts transition to assemblies
of cells exhibiting apicobasal polarity and stable epithelial cell-cell adhesions. MET is an
important process that occurs during development and is central to embryonic remodeling and
establishment of organ architecture.!'! Beyond embryogenesis, MET is thought to contribute to
cancer progression by enabling the establishment of distant metastases and to reprogramming
of somatic cells into induced pluripotent stem cells.['"?! Investigations of MET processes have
mainly focused on the impact of biochemical cues in embryogenesis and in vivo animal models

23,21, 31 These systems can be difficult to control, and it can be challenging

of cancer metastasis.!
to decouple the effects of different types of signals on cell response. Consequently, little is

known about how physical parameters regulate MET.

A number of findings suggest that mechanical signals may guide the steps of MET. The
mechanical properties of the cellular niche change dynamically during MET-associated
processes in vivo including embryonic development,*! wound healing,® and disease
progression.[?> ¢ Biophysical factors including tissue geometry,[’] matrix stiffness,’™ cyclic
stretch, and cell contractility!” are also known to control epithelial-mesenchymal transition
(EMT). MET has classically been described as a symmetrical reversion of EMT, however, some
studies indicate that during development MET and EMT may be controlled by different
mechanisms and may not simply be reverse processes.!!! It is likely that MET and EMT exhibit
distinct kinetics and trajectories and therefore may be differentially regulated by mechanical
cues.!"?! Furthermore, in vivo studies have shown re-expression of epithelial markers in tumor
metastases from E-cadherin-negative tumor cell xenografts and elevated levels of E-cadherin
in lymph node metastases when compared to primary tumors,?® 27 both of which indicate that
MET may contribute to secondary tumor formation. The mechanical properties of distant
metastatic sites can differ significantly from those of the primary tumor niche and may therefore
influence MET. In addition, the mechanical properties of the primary tumor niche change

dynamically during tumor progression,!® which can promote EMT. Several studies suggest
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that targeting or downregulating EMT in tumor-initiating cells can reduce migration and
invasion of cancer cells, thereby reducing metastatic potential.['*) However, whether targeting
the mechanics of the extracellular matrix can promote loss of a mesenchymal and gain of an
epithelial phenotype in cancer cells at primary tumor sites is not known. The complex nature of
animal models and embryos that have been used to study MET makes it difficult to delineate
the role of mechanics in regulating mesenchymal-epithelial plasticity. Thus, new model systems
are necessary in which one can control the biochemical and biophysical properties of the
cellular microenvironment thereby enabling systematic studies of the impact of environmental

cues such as matrix stiffness on cell plasticity and MET.

The effect of matrix stiffness on EMT has been extensively studied primarily through the use
of hydrogels with static mechanical properties.’ 4l Few in vitro studies have examined the
role of matrix stiffness in the regulation of MET.['*) Many of these studies have focused on
endpoint analysis of EMT and lack details regarding the dynamics of cell transitions in response
to mechanical cues. Materials with dynamic control of stiffness have the potential to enable
examination of cell transitions through hybrid epithelial/mesenchymal states and elucidation of
the underlying molecular mechanisms governing cellular processes in a way that cannot be
achieved in static systems. A variety of biomaterials including hyaluronic acid (HA), sodium
alginate, poly(ethylene glycol), and azobenzene have been used to fabricate cell culture
platforms that can undergo changes in stiffness as a function of time.l') Methacrylated HA
(MeHA) in particular has been previously employed to create a hydrogel platform that can be
dynamically stiffened to examine EMT.!'”! Furthermore, MeHA crosslinked with dithiothreitol
(DTT) and pentaerythritol tetrakis(mercaptoacetate) (PETMA) has also been used to fabricate
a hydrogel platform that undergoes gradual softening to monitor hepatic stellate cell
response.''¥] Given that HA is a component of the tumor microenvironment''”! and elevated HA
production?” and stiffening of the extracellular matrix!®> 17l are associated with EMT, an HA-
based hydrogel that softens with time may be a useful model system for examining

mesenchymal-epithelial plasticity.

In this work, we develop an in vitro MeHA-based hydrogel platform with stiffnesses that are
tuned to mimic the mechanical properties of normal and tumorigenic breast tissue. Using a
combination of stable and hydrolytically degradable crosslinkers, we create hydrogels with
static and dynamic matrix stiffness and utilize this platform to examine mesenchymal-epithelial

plasticity in mammary epithelial cells and breast cancer cells. Breast cancer cells cultured on

3



WILEY-VCH

stiff hydrogels show increased cell spreading and elongation, lamellipodia formation,
proliferation, and expression of mesenchymal markers in comparison to cells cultured on soft
hydrogels. When cells are cultured on dynamic hydrogels, gradual lowering of matrix stiffness
promotes a reduction in cell elongation, proliferation, and expression of mesenchymal markers
and reveals an increase in the expression of epithelial markers as well as apoptosis in breast
cancer cells. Furthermore, the expression of integrin-linked kinase (ILK), a signaling molecule
that regulates cell proliferation, apoptosis, and differentiation, decreases with time as the matrix
softens. Inhibition of ILK activity attenuates mesenchymal phenotypic characteristics including
cell spreading, elongation, and expression of the mesenchymal marker vimentin. Together,
these findings reveal intermediate epithelial/mesenchymal states as cells move along a matrix
stiffness mediated MET trajectory. Overall, our results suggest an important role for mechanical

signals in regulation of mesenchymal-epithelial plasticity.

2. Results

2.1. Synthesis of MeHA hydrogels with static and dynamic mechanical properties that
mimic normal and tumorigenic mammary tissue

The extracellular matrix experiences dynamic mechanical, structural, and compositional
changes during breast cancer progression.[®™ 2!l Increased expression of HA in the tumor
microenvironment is associated with breast cancer malignancy and poor patient prognosist'®]
and increased production of HA can promote EMT in normal epithelial cells.*°! Furthermore,
increased matrix stiffness can promote EMT; " 8¢l however, little is known about the impact of
HA and matrix mechanical properties on MET, particularly in breast cancer cells. Here, we
fabricated an HA-based hydrogel platform to determine whether changes in the mechanical
properties of the matrix can promote MET in breast cancer cells. HA was chemically modified
using methacrylic anhydride to form methacrylated hyaluronic acid (MeHA; Figure S1).
MeHA can be crosslinked by chemical and photo- initiators to create hydrogels with defined
mechanical properties. We synthesized MeHA hydrogels using 2 w/v% MeHA that was
crosslinked with the photo-initiator Irgacure (0.05 w/v%) which forms stable crosslinks in the
presence of ultraviolet (UV) light. Atomic force microscopy was used to evaluate the
mechanical properties of the hydrogels and representative modulus maps are shown in Figure
S2. Increasing the UV exposure time enhances the Young’s modulus of the hydrogel (Figure
1a). A UV exposure time of 15 sec produces a hydrogel with a modulus of 210 Pa which mimics
the mechanical properties of normal mammary tissue while an exposure time of 65 sec produces

a hydrogel with a modulus of 2100 Pa that mimics the stiffness of an average breast tumor.*®
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211 No significant differences are observed for the Young’s moduli of the MeHA hydrogels
crosslinked with Irgacure when comparing moduli between the day of synthesis (day 0) and 21
days later (Figure S3), suggesting that the mechanical properties of the hydrogels are stable as
a function of time. We term MeHA hydrogels with stable Irgacure crosslinks as static hydrogels

for this work.

To synthesize a dynamic hydrogel with a stiffness that gradually decreases with respect to time,
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), a tetrafunctional crosslinker that can
form thiol linkages with MeHA, was incorporated into hydrogels simultaneously with Irgacure.
PETMP can undergo gradual hydrolysis which reduces hydrogel crosslinking and stiffness as
a function of time. As shown in Figure 1b, the Young’s modulus of the hydrogels varies as a
function of time, with a modulus of 1800 Pa on the day of synthesis (day 0) and a modulus of
310 Pa on day 21. Young’s moduli of the hydrogel system as a function of time are listed in
Table S1. Together, these data demonstrate that static and dynamic HA-based hydrogels can

be tuned to mimic the mechanical properties of normal and tumorigenic mammary tissue.
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Figure 1. Mechanical characterization of methacrylated hyaluronic acid (MeHA)-based

hydrogels. a) Young’s modulus of static MeHA/Irgacure-based hydrogels as a function of

increasing UV exposure time. Static soft (210 Pa) and stiff (2100 Pa) hydrogels correspond to

UV exposure times of 15 and 65 sec, respectively. Data indicate mean + sem for n=3 hydrogel
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samples. **p<0.01, ***p<0.001 in comparison to the 15 sec UV exposure time hydrogel,
evaluated using analysis of variance (ANOVA) followed by Tukey’s post-hoc test. b) Young’s
modulus of dynamic MeHA/Irgacure/PETMP-based hydrogels as a function of time. Data
indicate mean =+ sem for n=3 hydrogel samples. *p<0.05, **p<0.01, ***p<0.001 in comparison
to the day 0 sample, evaluated using analysis of variance (ANOVA) followed by Tukey’s post-
hoc test.

*k%k

2.2. Breast cancer cells exhibit a change in cell morphology and cytoskeletal organization
when cultured on MeHA hydrogels that soften with time

Cells undergo dramatic changes in morphology during EMT with a transition from a rounded,
cuboidal shape to an elongated morphology.[’®! Culture of mammary epithelial cells on soft
hydrogels renders the cells refractive to EMT-induced morphological changes while cells
cultured on stiff hydrogels are permissive to EMT.*I Hence, we hypothesized that dynamically
lowering matrix stiffness will induce morphological changes in breast cancer cells indicative of

a MET-like response.

Increased levels of fibronectin are found in the extracellular matrix surrounding breast tumors

[22] and fibronectin has been shown to stimulate EMT

in comparison to normal mammary tissue,
in mammary epithelial cells and breast cancer cells.”®) Thus, to model the breast tumor
microenvironment we functionalized static and dynamic HA hydrogels with fibronectin and
monitored cell morphology as a function of time. MDA-MB-231 breast cancer cells exhibit a
spread and elongated morphology when cultured on static 2100 Pa hydrogels, indicative of a
more mesenchymal-like phenotype (Figure 2a). In contrast, the cells remain rounded and less
spread on static 210 Pa hydrogels. When cultured on the dynamic stiff-to-soft hydrogels, the
MDA-MB-231 breast cancer cells initially exhibit a spread and elongated morphology similar
to when cultured on the 2100 Pa hydrogels, and they show a decrease in cell spreading and
elongation as a function of time as the hydrogel softens. Quantification of the cell spread area
and aspect ratio (elongation) revealed that the cells maintain these morphological characteristics
when cultured on both the static 210 Pa and 2100 Pa hydrogels for the span of 21 days (Figure
2b,¢). Contrarily, cells cultured on the dynamic hydrogels show significantly reduced spread
area and aspect ratio as a function of time. The impact of MeHA hydrogel mechanics on the
less invasive MCF7 breast cancer cell line was also monitored. Similar trends in cell spread
area and aspect ratio are observed when cultured on fibronectin-functionalized hydrogels in

comparison to the MDA-MB-231 cells (Figure S4).
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Collagen I in the tumor microenvironment also contributes to breast cancer initiation and
progression.*! Previous studies have functionalized MeHA hydrogels with collagen I to study
the effect of matrix stiffness on induction of EMT in mammary epithelial cells.['” To test the
impact of collagen I in our system, we functionalized static and dynamic MeHA hydrogels with
collagen I to examine its impact on cell morphology as the matrix softens. MDA-MB-231 cells
cultured on the collagen I-coated MeHA hydrogels exhibit similar trends in cell spread area and
aspect ratio to when cultured on the fibronectin functionalized hydrogels (Figure S5). The cells
spread and exhibit an elongated shape at early time points on the dynamic hydrogel, and as the
hydrogel softens with time the cell morphology transitions to a rounded shape with more cell-
cell interactions. Together, these observations suggest that dynamically reducing matrix
stiffness induces a change in the morphological properties of breast cancer cells when cultured
on matrix components found within the tumor microenvironment. The experiments within this
study will further examine the impact of fibronectin functionalized hydrogels on mesenchymal-
epithelial plasticity.

Mesenchymal cells can exhibit filopodia and lamellipodia that aid in migration and invasion!?>!
while epithelial cells typically display cortical actin structures.**) Hence, we probed breast
cancer cells with fluorescently tagged phalloidin to examine actin architecture. For MDA-MB-
231 breast cancer cells, F-actin staining revealed that cells cultured on static 2100 Pa hydrogels
exhibit stress fibers, filopodial protrusions, and lamellipodial structures, which are observed
across 15 days of culture (Figure 3). In contrast, cells cultured on static 210 Pa hydrogels
exhibit cortical actin localized primarily to the cell periphery and cell-cell borders. When the
MDA-MB-231 cells are cultured on dynamic stiff-to-soft hydrogels, cells initially exhibit
lamellipodial and filopodial structures and as the hydrogel gradually softens the actin
organization shifts to a cortical structure. Similar trends in actin organization are observed in
MCF7 cells (Figure S6). These data show that dynamic modulation of matrix stiffness can

induce changes in actin cytoskeletal organization in breast cancer cells.
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Figure 2. Dynamic softening of fibronectin-functionalized MeHA-based hydrogels promotes a
change in the morphology of MDA-MB-231 breast cancer cells. a) Phase contrast microscopy
images of MDA-MB-231 breast cancer cells cultured on static 210 Pa and 2100 Pa MeHA-
based hydrogels and dynamic MeHA-based hydrogels and monitored as a function of time.
Scale bars: 50 pm. Quantification of cell b) spread area and c) aspect ratio for MDA-MB-231
breast cancer cells cultured on different hydrogels and monitored for 21 days. At least 65 cells
were quantified for every hydrogel group per trial. Data indicate mean + sem for n = 3 trials.
*p<0.05, **p<0.01, ***p<0.001 in comparison to day 1 and 3 time points of the dynamic
hydrogel, evaluated using analysis of variance (ANOVA) followed by Tukey’s post-hoc test.

Day 1 Day 3 Day 6 Day 9 Day 12 Day 15

Figure 3. Dynamic softening of fibronectin-functionalized MeHA-based hydrogels promotes
cytoskeletal reorganization in MDA-MB-231 breast cancer cells. F-actin staining using
fluorescently-tagged phalloidin (red) in MDA-MB-231 breast cancer cells cultured on static
210 Pa and 2100 Pa MeHA-based hydrogels and dynamic MeHA-based hydrogels and
monitored as a function of time. Nuclei are shown in blue. The white arrows indicate
lamellipodial or filopodial structures. Scale bars: 50 pm.
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2.3. Dynamic softening of the matrix induces apoptosis and attenuates proliferation in
breast cancer cells

An increase in extracellular matrix stiffness reduces apoptosis, which can potentially help
cancer cells to evade therapeutic measures.!””) Hence, we posited that dynamic changes in
matrix stiffness may regulate apoptosis in breast cancer cells, with gradual lowering of the
stiffness promoting apoptosis. We employed immunofluorescence staining to probe for the
apoptotic protein marker cleaved caspase-3 in MDA-MB-231 breast cancer cells cultured on
MeHA hydrogels with static and dynamic mechanical properties. For cells cultured on static
210 Pa hydrogels, the percentage of cells staining positive for cleaved caspase-3 was ~20%.
The value appears to increase throughout the 15-day time period, but this change is not
significant (Figure 4a,b and Figure S7a). On the other hand, for cells cultured on static 2100
Pa hydrogels, the percentage of cells staining positive for cleaved caspase-3 was approximately
two-fold lower than for cells cultured on the 210 Pa hydrogels. When cultured on dynamic stiff-
to-soft hydrogels, the percentage of cells that stained positive for cleaved caspase-3 was initially
low, but it significantly increased over the 15-day time period as the matrix softened, with the
percentage of cells positive for cleaved caspase-3 reaching similar levels to that in cells cultured
on 210 Pa hydrogels. These observations suggest that dynamic softening of the matrix can

induce increased apoptosis in breast cancer cells.

In addition to apoptosis, we also monitored breast cancer cell proliferation as a function of time
and gradual softening of the hydrogel. Using immunofluorescence staining, we probed for the
proliferation marker Ki67 in MDA-MB-231 breast cancer cells cultured on different MeHA
hydrogels. For cells cultured on static 2100 Pa hydrogels, the percentage of cells staining
positive for Ki67 was approximately 60%, which is roughly 2.5 to 3-fold higher than for cells
cultured on the 210 Pa hydrogels (Figure 4¢,d and Figure S7b). When cultured on dynamic
stiff-to-soft hydrogels, the percentage of Ki67-positive cells was high initially, but it gradually
decreased over the 15-day time period as the hydrogel softened. These observations suggest

that dynamic softening of the matrix can attenuate proliferation in breast cancer cells.
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Figure 4. Softening of MeHA-based hydrogels induces apoptosis and attenuates proliferation
in MDA-MB-231 breast cancer cells. Immunofluorescence staining and quantification of the
percentage of cells staining positive for a,b) cleaved caspase-3 and c¢,d) Ki67 in MDA-MB-231
breast cancer cells cultured on static 210 Pa and 2100 Pa MeHA-based hydrogels and dynamic
MeHA-based hydrogels and monitored as a function of time. Scale bars: 50 um. At least 100
cells were quantified for every hydrogel group per trial. Data indicate mean & sem for n=3 trials.
For cleaved caspase-3, **p<0.01, ***p<0.001 compared to day 1 sample of dynamic MeHA
hydrogel. For Ki67, *p<0.05, ***p<0.001 compared to day 1 and day 3 sample of dynamic
MeHA hydrogel, #p<0.01 compared to day 1 of dynamic MeHA hydrogel, evaluated using
analysis of variance (ANOVA) followed by Tukey’s post-hoc test.

2.4. Dynamic softening of the matrix modulates the expression of epithelial and
mesenchymal protein markers in breast cancer cells

Given that an increase in matrix stiffness can regulate changes in gene expression in normal
mammary epithelial cells® and cancer cells during EMT,[!*15] we hypothesized that gradual
softening of the matrix may impact the expression of mesenchymal and epithelial markers in
mammary epithelial cells and breast cancer cells. Co-staining of MCF10A mammary epithelial
cells for E-cadherin and vimentin revealed low vimentin levels and localization of E-cadherin
to cell-cell contacts in cells cultured on static 210 Pa hydrogels (Figure 5). In contrast,
MCF10A cells cultured on static 2100 Pa hydrogels show high levels of vimentin and low levels

of E-cadherin across all time points. When cultured on the dynamic stiff-to-soft hydrogels,
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MCF10A cells show high vimentin and low E-cadherin levels at early times and as the matrix
softens vimentin expression decreases and E-cadherin localization to cell-cell contacts

increases.

Vimentin/E-cadherin/Nuclei
Day 3 Day 6 Day 15

5

Figure 5. Immunofluorescence staining for E-cadherin (red) and vimentin (green) in MCF10A
mammary epithelial cells cultured on static and dynamic fibronectin functionalized MeHA
hydrogels. Scale bars: 25 um.

Static 2100 Pa Dynamic Static 210 Pa

For MDA-MB-231 breast cancer cells cultured on static 210 Pa hydrogels,
immunofluorescence staining for vimentin shows localization to regions surrounding the
nucleus, while for cells cultured on static 2100 Pa hydrogels, vimentin fibers are found
throughout the cytoplasm, and in some cells, also extend to the cell periphery (Figure 6a). For
MDA-MB-231 cells cultured on dynamic stiff-to-soft hydrogels, immunofluorescence staining
revealed that vimentin fibers extend throughout the cytoplasm up to day 6 and later switch to
primarily surrounding the nucleus at later times. Studies have shown that MDA-MB-231 breast

(28] and the loss of E-cadherin expression in these cells

cancer cells do not express E-cadherin,
is attributed to hypermethylation of CpG islands at the E-cadherin promoter.?*! In addition, for
many breast cancer cells, elevation of H3K9 tri-methylation at the E-cadherin promoter leads
to its repression.’*”) To examine whether matrix softening can induce E-cadherin expression in
MDA-MB-231 cells, we performed immunofluorescence staining to monitor E-cadherin
expression and localization (Figure S8a). MDA-MB-231 cells cultured on static 2100 Pa
substrates do not form cell-cell contacts or exhibit E-cadherin expression. When the MDA-MB-

231 cells are cultured on static 210 Pa hydrogels, they do form cell-cell contacts, however, only

a few cell clusters stain positive for E-cadherin. On the other hand, for cells cultured on dynamic
11
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stiff-to-soft hydrogels, cells do not form cell-cell contacts nor stain positive for E-cadherin up
to the day 6 time point. As the matrix softens, the cells form cell-cell contacts, and some cell

clusters stain positive for E-cadherin (Figure S8a).

To confirm these observations, we performed western blotting for E-cadherin in MDA-MB-
231 cells on different MeHA hydrogels, but the expression of E-cadherin was not detected
(Figure 6b). When MDA-MB-231 cells are cultured on dynamic stiff-to-soft hydrogels, the
expression levels of mesenchymal protein markers vimentin and fibronectin decrease for time
points later than 6 days as the matrix softens (Figure 6b-d). For the epithelial marker pan-
cytokeratin, a significant increase in expression is observed at day 15 in comparison to the
earlier time points that were analyzed (Figure 6b,e). We also monitored the expression of these
markers in MDA-MB-231 breast cancer cells cultured on static 210 Pa and 2100 Pa hydrogels
as a function of time. The expression levels of vimentin and fibronectin increase in cells
cultured on static 2100 Pa hydrogels as a function of time and are in general higher than the
expression levels of these markers in cells cultured on the static 210 Pa hydrogels (Figure S9a-
¢). No significant differences are seen in the expression levels of pan-cytokeratin as a function
of time for MDA-MB-231 cells cultured on the static 210 Pa and 2100 Pa hydrogels (Figure
S9a,d). These data demonstrate that protein expression in MDA-MB-231 cells varies between
static and dynamic hydrogels. Further studies are needed to examine regulation of E-cadherin

expression as well as other mesenchymal and epithelial markers in these cells.
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Figure 6. Dynamic softening of MeHA-based hydrogels regulates the expression of epithelial
and mesenchymal markers in MDA-MB-231 breast cancer cells. a) Immunofluorescence
staining images of vimentin in MDA-MB-231 breast cancer cells cultured on static 210 Pa and
2100 Pa MeHA-based hydrogels and dynamic MeHA-based hydrogels and monitored as a
function of time. Scale bars: 50 um. b) Western blotting for mesenchymal protein markers
vimentin and fibronectin and epithelial protein markers E-cadherin and pan-cytokeratin in
MDA-MB-231 breast cancer cells cultured on static and dynamic MeHA-based hydrogels.
Densitometric analysis of ¢) vimentin, d) fibronectin, and e) pan-cytokeratin in MDA-MB-231
breast cancer cells cultured on static and dynamic MeHA-based hydrogels. Data normalized
with respect to static MeHA 210 Pa day 15 sample. Data indicate mean + sem for n = 3 trials.
*p<0.05, **p<0.01, evaluated using the analysis of variance (ANOVA) followed by Tukey’s
post-hoc test.

We also examined the expression of epithelial and mesenchymal markers in MCF7 breast
cancer cells. MCF7 cells express the epithelial marker E-cadherin®'! and do not express the
mesenchymal marker vimentin."*) Immunofluorescence staining revealed that when cultured

on static 210 Pa hydrogels, MCF7 cells show E-cadherin localization at cell-cell junctions for
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all time points monitored (Figure S8b). When cultured on static 2100 Pa hydrogels, MCF7
cells show reduced localization of E-cadherin to cell-cell junctions in comparison to cells
cultured on the static 210 Pa hydrogels and exhibit mixed expression with some cells showing
reduced levels of E-cadherin. On the dynamic stiff-to-soft hydrogels, cells show reduced E-
cadherin localization to cell-cell junctions at early time points in comparison to later times

(Figure S8b).

Protein marker levels were also monitored in MCF7 cells using western blotting. When cultured
on dynamic stiff-to-soft hydrogels, the expression levels of epithelial markers E-cadherin and
pan-cytokeratin increase at day 15, when the stiffness of the hydrogel is low, in comparison to
the earlier time points (Figure S10a-c). While the expression level of the transcription factor
Snail trends downward from day 6 to 15 as the matrix softens, differences are not significant
(Figure S10a,d). On the other hand, the expression of fibronectin significantly decreases as the
stiffness of the hydrogel is gradually lowered (Figure S10a,e). On hydrogels with static
mechanical properties, the MCF7 cells show higher levels of E-cadherin and pan-cytokeratin
expression when cultured on the 210 Pa hydrogels in comparison to on the 2100 Pa hydrogels
across most time points (Figure S10f-h). Snail expression is significantly higher in cells
cultured on 2100 Pa hydrogels in comparison to 210 Pa for days 6 and later (Figure S10f.i).
Furthermore, fibronectin levels are also higher in MCF7 cells cultured on 2100 Pa hydrogels in
comparison to 210 Pa hydrogels (Figure S10f,j). Together, the observations in MDA-MB-231,
MCF7, and MCF10A cells suggest that a reduction in matrix stiffness as a function of time
promotes downregulation of some mesenchymal markers and upregulation of epithelial

markers indicative of mesenchymal-epithelial plasticity.

2.5. Breast cancer cells modulate the expression of integrin-linked kinase in response to a
dynamic reduction in matrix stiffness

Cells adhere to extracellular matrix proteins including fibronectin and collagen I using
integrins.**! Integrins mediate force sensing with downstream signaling molecules such as
integrin linked kinase (ILK) playing critical roles in mechanotransduction.** ILK, which binds
to the cytoplasmic tails of B1 and B3 integrins,**! regulates many cellular processes including
growth, apoptosis, and differentiation*®’ and has been shown to regulate a stiffness-induced
switch between EMT and apoptosis.?”) We performed western blotting to monitor the
expression of ILK1 in MDA-MB-231 breast cancer cells as a function of time when the cells

were cultured on hydrogels with static and dynamic mechanical properties. Densitometric
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quantification of the blots revealed that when the MDA-MB-231 cells were cultured on the
dynamic stiff-to-soft hydrogels, the levels of ILK1 decrease as a function of time as the matrix
softens (Figure 7a,b). When cells are cultured on MeHA hydrogels with static mechanical
properties, the levels of ILK are higher in cells cultured on the 2100 Pa hydrogels in comparison
to when cells are cultured on the 210 Pa hydrogels for all time points analyzed except for day
1 (Figure 7¢,d). Moreover, the levels of ILK1 remain nearly constant in cells cultured on both
static 210 Pa and static 2100 Pa hydrogels as a function of time. These data suggest that gradual
lowering of the stiffness of the matrix promotes a reduction in the levels of ILK, which may

regulate mesenchymal-epithelial plasticity, proliferation, and apoptosis.
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Figure 7. Dynamic softening of MeHA-based hydrogels decreases integrin-linked kinase
(ILKT) expression in MDA-MB-231 breast cancer cells. a) Western blotting for ILK1 in MDA-
MB-231 breast cancer cells seeded on static and dynamic MeHA-based hydrogels for various
time-points. b) Densitometric analysis of ILK1 from blot shown in panel a. Data normalized
with respect to static MeHA 210 Pa day 15 sample. Data indicate mean + sem for n = 3 trials.
**p<0.01. ¢) Western blotting for ILK1 in MDA-MB-231 breast cancer cells seeded on static
MeHA-based hydrogels as a function of time. d) Densitometric analysis of ILK1 levels from
blot shown in panel c. Data are normalized with respect to the static MeHA 210 Pa day 15
sample. Data indicate mean + sem for n = 3 trials. *p<0.05, evaluated using analysis of variance
(ANOVA) followed by Tukey’s post-hoc test.
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To examine whether ILK regulates phenotypic changes observed in cells as the dynamic
hydrogel softens, MDA-MB-231 cells were treated with the ILK inhibitor QLT0267. When
MDA-MB-231 cells are cultured on static 210 Pa hydrogels, treatment with QLT0267 does not
have a significant effect on cell morphology or on the percentage of cells staining positive for
Ki67 and cleaved caspase-3 in comparison to treatment with the vehicle control (Figure S11a-
d). In contrast, when cells are cultured on the static 2100 Pa hydrogels treatment with QLT0267
leads to a reduction in cell spread area, cell aspect ratio, and the percentage of cells staining
positive for Ki67 (Figure S1le-g). The percentage of cells staining positive for cleaved
caspase-3 increases following QLT0267 treatment in comparison to treatment with the DMSO
control, however, this difference was not statistically significant (Figure S11h). When cultured
on dynamic hydrogels, at early time points (days 1-6) when the cells sense a ‘stiff” matrix,
treatment with QLT0267 promotes a decrease in cell spread area and aspect ratio, a decrease in
the percentage of cells staining positive for Ki67, and an increase in the percentage of cells
staining positive for cleaved caspase-3 in comparison to cells treated with the vehicle control
(Figure 8a-e). On day 15 of culture on the dynamic hydrogels, when cells sense a ‘soft” matrix,
no differences are observed between the QLT0267 and control vehicle treated cells. Treatment
with QLTO0267 also impacts the expression of vimentin and E-cadherin in cells.
Immunofluorescence staining reveals that MDA-MB-231 cells show low levels of vimentin
when cultured on the static 2100 Pa and dynamic hydrogels and exhibit diffuse staining for E-
cadherin after 15 days of culture with QLT0267 (Figure 8f and Figure S12). To confirm these
findings, we also inhibited ILK signaling in MCF10A mammary epithelial cells. Treatment of
MCFI10A cells with QLT0267 promotes a decrease in vimentin in cells cultured on the static
2100 Pa and dynamic hydrogels, and an increase in E-cadherin expression and localization to
cell-cell contacts in comparison to treatment with the vehicle control (Figure 8g and Figure
S13). Together, these findings suggest that ILK plays an important role in regulating
proliferation, cell survival, and protein expression as a function of matrix stiffness within this

model system.
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Figure 8. Inhibition of ILK activity impacts cell morphology, proliferation, survival, and
protein expression in response to softening of MeHA hydrogels. a) Phase contrast microscopy
images of MDA-MB-231 breast cancer cells cultured on dynamic MeHA-based hydrogels and
treated with QLT0267 or DMSO vehicle control and monitored as a function of time. Scale
bars: 25 um. Quantification of b) cell spread area, c) cell aspect ratio, d) percentage of cells
staining positive for Ki67, and e) percentage of cells staining positive for cleaved caspase-3 for
MDA-MB-231 cells cultured on dynamic hydrogels and treated with QLT0267 or vehicle
control. Data indicate mean = sem for n = 3 trials. *p<0.05, ***p<0.001 in comparison to day 1
of QLTO0267-treated sample, #p<0.01 for DMSO-treated samples in comparison to day 1
DMSO-treated sample, evaluated using analysis of variance (ANOVA) followed by Tukey’s
post-hoc test. Immunofluorescence staining for vimentin (green) and E-cadherin (red) for f)
MDA-MB-231 breast cancer cells and g) MCF10A mammary epithelial cells cultured on
dynamic hydrogels and treated with QLT0267 or vehicle control. Scale bars: 25 um.
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3. Discussion

Hydrogel platforms with tunable properties provide an approach to study cancer cell responses
to microenvironmental cues. Previous studies have utilized MeHA-based platforms with a
variety of chemical and photo-crosslinkers to tune the mechanical properties of the systems.
For example, MeHA was crosslinked with Irgacure and UV light irradiation to mimic the
modulus of normal mammary gland tissue (150 Pa), with further exposure to Irgacure and UV
light promoting an increase in the hydrogel stiffness to mimic the mechanical properties of
mammary tumors (3000 Pa).['’ In a separate study, HA and gelatin were crosslinked using
glycidyl methacrylate and magnetic microparticles were included to fabricate a 3D hydrogel
network by a thiol-ene click reaction chemistry, and an applied magnetic field was used to
reversibly tune the hydrogel stiffness from 560 Pa to 2640 Pa.l'>! Furthermore, a 2D hyaluronic
acid-poly-L-lysine hydrogel system was fabricated by including peptide sequences that are
sensitive to matrix metalloproteinases (MMP) leading to dynamic softening of the hydrogel in
response to MMPs secreted by breast cancer cells.!*8! In this work, MeHA was crosslinked with
Irgacure to create hydrogels with stable mechanical properties as a function of time. We also
used the crosslinker PETMP in combination with Irgacure, as PETMP can undergo gradual
hydrolysis with time, to create a hydrogel platform with tunable mechanical properties that
mimic normal and diseased mammary tissue. This system builds upon previously developed
dynamic hydrogel systems to develop a system with mechanical properties matched to the
mammary gland. Moreover, the platform expands the repertoire of combinations of stable and
degradable crosslinkers for use in tuning the mechanical properties of dynamic hydrogel
systems. The amount of MeHA, composition and ratios of the crosslinkers, and parameters for
light irradiation can be further tuned to create a hydrogel platform mimicking the mechanical

properties of other healthy and diseased tissues beyond the mammary gland.

An increase in the stiffness of the matrix surrounding breast tumors is associated with cancer
progression and these changes in stiffness can promote a mesenchymal phenotype in mammary
epithelial cells and breast cancer cells. Indeed, MCF7 breast cancer cells exhibit a decrease in
spheroid size, higher expression of vimentin, N-cadherin, SNAI1, SNAI2, Twistl, ZEBI, and
lower expression of E-cadherin and ZO-1 with an increase in matrix stiffness from 560 Pa to
2640 Pa.l' In another system, mammary epithelial cells exhibit a rounded morphology on soft
150 Pa hydrogels but transition to a spread morphology with loss of E-cadherin upon dynamic
stiffening of the hydrogel to greater than 3000 Pa.l!'’®! These characteristic changes associated

with induction of EMT in the cells were governed by TGFf and transcription factors Twistl
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and YAP.['" A similar trend was seen in cell clusters (PyMT cells derived from murine
MMTV-PyMT tumors) cultured on alginate-matrigel based hydrogels with cells exhibiting
enhanced protrusions, decreased circularity, decreased E-cadherin levels, elevation in N-
cadherin, Twist, and Zebl levels, and increased migration as the stiffness gradually increased
from 150 Pa to 1200 Pa.l**! Further, gradual stiffening of an alginate-based matrix has also been
associated with increased resistance of MDA-MB-231 cells to doxorubicin as compared to cells
cultured on soft substrates.[*”l While these reports and others suggest that dynamic stiffening of
the matrix promotes a mesenchymal phenotype in breast cancer cells, few studies have
examined the impact of matrix mechanics on MET. In one such study, the effect of substrate
softening from 576 kPa to 180 kPa on breast cancer cells was monitored, and it was found that
matrix softening decreased the percentage of breast cancer cells exhibiting migratory properties
as compared to cells cultured on stiff 491 kPa matrix.[*®) However, the stiffnesses examined in
the abovementioned study are outside physiologically relevant stiffnesses encountered by
breast cancer cells in vivo. Together, our findings suggest that MCF10A mammary epithelial
cells and MDA-MB-231 and MCF7 breast cancer cells exhibit mesenchymal-epithelial
plasticity including a shift in morphology and gene expression as the matrix softens. As such,
this platform holds promise for facilitating future studies examining mechanistic regulation of
MET. While we examined the impact of matrix softening on breast cancer cells in this study,
in the future the platform could be utilized to examine the impact of dynamic modulation of

matrix stiffness on mesenchymal-epithelial plasticity in the context of other types of cancer.

The balance between cell proliferation and apoptosis coordinates development and tissue
homeostasis, and disruption of these processes such as enhanced proliferation and/or impaired
apoptosis can promote pathologies including cancer.*!! The mechanical properties of the
cellular microenvironment can regulate both cell proliferation and apoptosis. An increase in
matrix stiffness reduces apoptosis in cancer cells and shields them from immune cells and
therapeutic drug treatments.?”! In hepatocellular carcinoma cells, an increase in matrix stiffness
decreases the sensitivity of cells to the drug sorafenib and attenuates sorafenib-induced

[42] Here, we find that when breast cancer cells are cultured on soft

apoptosis in cancer cells.
hydrogels, a higher percentage of cells stain positive for the apoptotic marker cleaved caspase-
3 as compared to when the cells are cultured on stiff hydrogels with static mechanical properties.
On the other hand, cell proliferation (observed via staining for Ki67) is higher in cells cultured

on stiff hydrogels in comparison to on soft hydrogels. These results are consistent with previous
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findings in breast cancer cells and in other cell types. Moreover, we build upon these findings

and demonstrate a shift in proliferation and apoptosis in breast cancer cells as the matrix softens.

At secondary metastatic sites, it is thought that cancer cells exhibit MET to establish the
secondary tumor. While cell proliferation is important for metastatic outgrowth, studies suggest
that cancer cells can acquire a non-proliferative dormant phenotype and that tumors can also
remain quiescent due to a balance between cell proliferation and death within the tumor.[3]
Long-term relapse of cancer likely arises from activation of dormant cancer cells that reawaken
and proliferate thereby promoting tumor outgrowth.[**! The factors regulating tumor cell
dormancy are not well understood, but some studies suggest that soft microenvironments can
promote a dormant phenotype in breast cancer cells.*”! Future efforts directed towards
examining the impact of matrix mechanics on dormancy and evaluating how dynamic changes
in matrix mechanics impact the activity of signaling molecules that regulate proliferation and
apoptosis may provide further insight on regulatory mechanisms governing cancer and may

help to identify new molecular targets to inhibit breast cancer cell proliferation and to promote

cancer cell apoptosis.

Cells sense the mechanical properties of the extracellular matrix using cell surface integrins
which promote activation of downstream signaling molecules including focal adhesion kinase
and ILK.PSl ILK is particularly important as it has been shown to mediate apoptosis,
proliferation, and gene expression in breast cancer cells and other cell types*®37 461 and
evidence supports that ILK signaling is regulated by mechanical cues.?”> 4% 47l Indeed, ILK
regulates a stiffness-induced switch between EMT and apoptosis in normal mammary gland
epithelial cells.®”) Knockdown of ILK attenuates Twist-induced EMT in human MCF10A
mammary epithelial cells and promotes an increase in E-cadherin expression and decrease in
vimentin, fibronectin and N-cadherin.[*¥! Overexpression of ILK can enhance the expression of
vimentin, snail and slug and decrease the expression of E-cadherin in colorectal cancer cells.[*”]
Furthermore, knockdown of ILK in MDA-MB-231 cancer cells results in a decrease in cell
proliferation while overexpression of ILK in MCF7 cells enhances cell growth and viability via
activation of the PI3K/Akt pathway.[*®®! Interestingly, an increase in matrix stiffness from 130
Pa to 4020 Pa along with hypoxic conditions has been shown to promote an increase in the
levels of ILK in MDA-MB-231 breast cancer cells.!*¢°! On the other hand, another study showed
that ILK expression is higher in MDA-MB-231 cells when cultured on 38 kPa hydrogels in
comparison to when cultured on 10 kPa or 57 kPa hydrogels.!*’*! Here, we find that MDA-MB-
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231 breast cancer cells express higher levels of ILK1 protein when cultured on 2100 Pa
hydrogels in comparison to when cultured on 210 Pa hydrogels with static mechanical
properties. Discrepancies between these studies and previous reports could be attributed to
differences in the magnitude of matrix stiffness utilized in the various systems. Nonetheless,
the decrease in ILK1 levels that we observe correlates with a decrease in proliferation and
expression of mesenchymal markers and an increase in apoptosis and expression of epithelial
markers. We find that pharmacological inhibition of ILK activity attenuates cell proliferation,
increases apoptosis, and reduces the expression of vimentin in MDA-MB-231 and MCF10A
cells cultured on stiff matrices. Together, these findings suggest that these cell fates are
controlled by a mechanotransduction cascade involving ILK. Future studies focused on how
matrix stiffness regulates ILK expression may provide further mechanistic insight into how

mechanical signals impact cancer cell fate decisions.

Our findings suggest that targeting the stiffness of the extracellular matrix can potentially be
used as a therapeutic approach to slow the progression of cancer, namely by providing a
microenvironment with mechanical properties conducive to maintaining an epithelial
phenotype in cancer cells. Indeed, targeting the extracellular matrix can improve the efficiency
of therapeutic cancer drugs. For example, treatment with losartan leads to a decrease in collagen
I synthesis by cancer-associated fibroblasts that are isolated from biopsies of breast cancer
patients, which promotes a reduction in stromal collagen and an improvement in the efficacy
of liposomal doxorubicin.®®! Furthermore, the Rho kinase (ROCK) inhibitor Fasudil reduces
fibroblast contraction, decreases matrix stiffness, improves the response of pancreatic cancer
cells to therapeutics, and decreases cancer cell invasion.”! Further in vivo studies examining
the impact of a reduction in matrix stiffness within the tumor microenvironment on the
characteristics of diverse types of cancer cells are warranted and may suggest novel approaches

for reducing the progression of cancer.

4. Conclusion

We describe a dynamic HA-based hydrogel for examination of mesenchymal-epithelial
plasticity in breast cancer cells. In contrast to hydrogels with static mechanical properties, our
platform enables observation of the dynamics of cell transitions and reveals intermediate
epithelial/mesenchymal states as mammary cells progress through a stiffness mediated MET
trajectory. Gradual softening of the hydrogel promotes temporal changes in breast cancer cell

morphology, actin organization, and gene expression and these changes are consistent with a
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transition from a mesenchymal to an epithelial phenotype. In addition, a dynamic reduction in
matrix stiffness promotes apoptosis and attenuates proliferation in MDA-MB-231 breast cancer
cells. Furthermore, we find that a dynamic reduction in stiffness leads to a reduction in ILK
expression. Inhibition of ILK blocks matrix stiffness induced cell proliferation and expression
of mesenchymal markers. Together, these observations demonstrate an important role for

matrix mechanics in regulating MET-associated changes in breast cancer cells.

5. Experimental Section/Methods

Synthesis of MeHA macromer: Methacrylated hyaluronic acid (MeHA) was synthesized
following published protocols.”?! Sodium hyaluronate with nominal molecular weight of 73
kDa (Lifecore Biomedical) was dissolved in deionized (DI) water at 1 w/v% concentration and
reacted with 6-fold molar excess of methacrylate anhydride at pH 8. The reaction was
performed in a jacketed reactor and the temperature was maintained at 4 °C with continuous
stirring. A pH of 8 was maintained by frequent pH monitoring and adding a 5 M solution of
potassium hydroxide in DI water dropwise along with continuous stirring for 6 to 8 hours. The
reaction was then allowed to run overnight at 4 °C. The reaction mixture was precipitated with
cold acetone at a 5:1 volumetric ratio and the precipitate was recovered using vacuum filtration
and centrifugation at 9000 rpm. The precipitate was then re-dissolved in DI water. The solution
was dialyzed in 6-8 kDa tubing against DI water at 4 °C for three days, with the bath water
changed out twice daily. The MeHA solution was then lyophilized by freeze-drying for another
3 days using a Labconco Freezone 2.5 operated at -50 °C. A sample of the MeHA was dissolved
in deuterated water and the degree of methacrylate functionalization was analyzed using
Hydrogen Nuclear Magnetic Resonance (‘H NMR) on a Bruker NEO-400 instrument in the
NMR Facility at Penn State. The peaks at a chemical shift of 6 ppm, representing the
methacrylate group, were normalized by peaks between a chemical shift of 3 and 4 ppm,
representing the native HA backbone, to determine the degree of methacrylation of MeHA. The
'"H NMR data are shown in Figure S1. The methacrylate functionalization of MeHA was
determined to be 39%.

MeHA hydrogel fabrication: MeHA stock solution was prepared by dissolving MeHA at 4
w/v% in 1x phosphate buffered saline (PBS) containing 0.2 M triethanolamine. Irgacure was
dissolved at 1 w/v% in ethanol. For fabrication of static hydrogels, the hydrogel solution was
formulated by mixing MeHA with Irgacure with a final concentration of MeHA of 2 w/v% and

Irgacure of 0.05 w/v%. For fabrication of dynamic hydrogels, pentaerythritol tetrakis(3-
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mercaptopropionate) (PETMP) was dissolved in acetone and a mole ratio of 0.006
PETMP:MeHA was used. The hydrogel solution was pipetted onto the surface of 2-
aminopropyltrimethoxysilane (APTMS) and glutaraldehyde-treated 22-mm square glass
coverslips. A 22-mm diameter RAIN-X treated circular coverslip was then placed on top of the
solution. The hydrogels were then placed in a UVP CL-1000 Ultraviolet Crosslinker (302 nm)
for the indicated times for static hydrogels and for 15 sec for dynamic hydrogels to initiate
Irgacure crosslinking of MeHA. To prepare the dynamic hydrogels, the samples were then
incubated for an additional 3 hours at room temperature to allow PETMP to react with the
MeHA. The dynamic hydrogels were then rinsed with 1x PBS 5 times and kept in fresh PBS
solution overnight on a shaker at 37 °C to remove residual PETMP. After overnight shaking,
the PBS was aspirated and the hydrogels were transferred to either a fresh 1x PBS solution (for
hydrogel characterization and stored at 37 °C with periodic PBS solution changes every 3 days)

or activated for fibronectin attachment.

MeHA hydrogel characterization: Hydrogel moduli were characterized using a Bruker
Bioscope Resolve Bio-atomic force microscope (AFM) placed on a Nikon TE2000 inverted
microscope at the Materials Characterization Lab at Penn State. MLCT probes (Bruker) with a
silicon nitride cantilever C having a nominal tip radius of 20 nm, half-angle of 17.5° and spring
constant of 0.01 N/m were utilized for mechanical characterization. All of the AFM
characterization experiments were performed in 1x PBS (fluid conditions) and at room
temperature. The Peak Force Quantitative NanoMechanics (QNM) in fluid (Bruker) software
package was utilized for data acquisition and analysis. Prior to hydrogel characterization, the
MLCT probe was mounted and allowed to stabilize under fluid conditions. Before every
characterization experiment, the probe was calibrated by allowing it to engage on a clean glass
slide, i.e., a hard sample, kept in 1x PBS solution to evaluate the calibrated spring constant and
the deflection sensitivity of the probe. The revised values for the spring constant were then

inputted to the software along with setting the Poisson ratio as 0.5 as reported by others.>!

The hydrogel samples were rinsed twice with 1x PBS to remove debris or dust particles prior
to engaging the AFM probe. All measurements were performed with a ramp size of 5 pm and
a frequency of 1 Hz. A scan size of 500 nm in X and Y was used and the lateral resolution was
fixed at 16 x 16. A total of 256 force curves were obtained per scan. Because of the tip geometry,
Young’s moduli were determined using the Sneddon model for every 256 grid by the

NanoScope Analysis 2.0 software (Bruker). The average of all the grid moduli values was
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evaluated to compute the Young’s modulus for the 500 nm x 500 nm scan. For every trial, AFM
measurements were performed on at least three different regions per hydrogel sample and the
Young’s modulus of the hydrogel sample for that trial was computed by averaging the Young’s

moduli of all the individual scans.

Cell culture: The human breast cancer cell lines MDA-MB-231 (HTB-26) and MCF7 (HTB-
22) and human mammary epithelial cell line MCF10A (CRL-10317) were purchased from the
American Type Culture Collection (ATCC). The cells were grown according to the
recommendations of ATCC. MDA-MB-231 cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM; Corning) with 10% (v/v) fetal bovine serum (FBS; Atlanta
Biologicals) and 50 pg/ml gentamicin (Gibco). MCF7 cells were grown in Eagle’s Minimum
Essential Medium (EMEM; ATCC) with 10% (v/v) FBS, 50 ng/ml gentamicin, and 10 pg/ml
insulin (Sigma Aldrich). MCF10A cells were grown in DMEM/F12 media (Fisher) with 5%
horse serum (Fisher), 20 ng/mL hEGF (Thermo), 0.5 pg/mL hydrocortisone (Sigma), 100
ng/mL Cholera toxin (Sigma), 10 pg/mL insulin (Sigma Aldrich), and 10 U/mL Pen/Strep
(VWR). Upon seeding to hydrogels, MCF10A cell media was replaced with low serum media
(2% horse serum and 5 ng/mL hEGF). Media was changed every 2-3 days. Cells were cultured
at 37 °C in a humidified 5% CO: environment. QLT0267 (Sigma) was diluted in DMSO and
added at a concentration of 10 uM to cells 24 hours after plating the cells to the hydrogels. For
inhibitor studies the time point day 1 is 24 hours after QLT0267 treatment.

Hydrogel activation and cell seeding: Functionalization of MeHA hydrogels with matrix
proteins occurred 24 hours after hydrogel synthesis. Hydrogel surfaces were activated using 20
mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 50 mM N-
hydroxysuccinimide (NHS; Thermo Scientific) prepared in MES buffer solution (0.1 M 2-(N-
Morpholino) ethanesulfonic acid hydrate (MES hydrate; Sigma) and 0.5 M NaCl dissolved in
water). Hydrogels were incubated with a 25 pg/ml solution of human plasma fibronectin
(Gibco) for 4-5 hours at 37 °C. The hydrogels were then thoroughly rinsed with 1x PBS and
cells were seeded at 40000 cells/cm? to the hydrogels. For collagen coating, rat tail type I
collagen (Advanced BioMatrix) was diluted to 100 pg/mL in 0.1% acetic acid solution and
hydrogels were incubated with the collagen solution for 2 hours at room temperature. The
hydrogels were then thoroughly rinsed with 1x PBS and cells were seeded at 40000 cells/cm?
to the hydrogels. Day 1 of experiments is 24 hours after seeding cells to the hydrogels.
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Western blotting: For whole-cell protein extractions, cells on MeHA hydrogels were lysed
using ice-cold RIPA buffer containing Halt protease and phosphatase inhibitors (Thermo
Scientific). The total protein concentration was quantified using a Pierce BCA Protein Assay
Kit (Thermo Scientific) or a Bradford assay using Coomassie Plus Assay Reagent (Thermo
Scientific). For gel electrophoresis, protein samples were denatured using NuPAGE LDS
sample buffer (Invitrogen) and NuPAGE sample reducing agent (Invitrogen) at 70 °C for 10
min. Equal amounts of protein were loaded and were separated on a NuPAGE 4-12% bis-tris
gel (Invitrogen) using NuPAGE (2-(N-morpholino) ethanesulfonic acid) MES Sodium dodecyl
sulfate (SDS) running buffer (Invitrogen) in a XCell SureLock Cell powered by a Bio-Rad
PowerPac HC. Proteins were transferred to a nitrocellulose or PVDF membrane using a XCell
II Blot Module. The membrane was then blocked in a solution of 5% w/v non-fat dry milk or
5% w/v BSA in 1x Tris-buffered saline plus 0.1% Tween (TBST). The membranes were probed
with primary antibodies overnight at 4 °C. Primary antibodies include: E-cadherin (1:1000;
24E10 Cell Signaling), vimentin (1:1000; V5255, Sigma Aldrich), pan-cytokeratin (1:1000;
C2562, Sigma Aldrich), fibronectin (1:1000; F3648, Sigma Aldrich), Snail (1:750; L70G2, Cell
Signaling), and ILK1 (1:1000; 3862S, Cell Signaling). Membranes were then washed three
times with 1x TBST buffer and incubated with IRDye secondary antibodies (1:15000; IRDye
680 RD and 1:15000; IRDye 800 CW, LI-COR Biosciences) at room temperature for 1 hour
and then washed again three times with 1x TBST. Western blots were imaged using a LI-COR
Odyssey Infrared imaging system.

Densitometric analysis of blot images was performed using Image] software. For each protein
sample, the normalized intensity was obtained by dividing the intensity of the target protein by
the intensity of the loading control. Relative levels or fold changes between samples were
evaluated by dividing the normalized intensity of the samples by that of the control sample for

that set of experiments.

Immunofluorescence staining: For staining of E-cadherin, cleaved caspase-3, and Ki67, breast
cancer cells cultured on MeHA hydrogels were rinsed with 1x PBS and fixed in 4%
paraformaldehyde at room temperature for 15 min. After fixation, samples were treated with
0.5% v/v IGEPAL (Sigma) and twice permeabilized with 0.1% v/v Triton X-100 each for 10
min. For staining of vimentin, cells were fixed with 1:1 methanol:acetone and permeabilized
with 0.1% v/v Triton X-100 for 10 min. Samples were then blocked with 5% goat serum (Sigma
Aldrich) or 5% bovine serum albumin (BSA; Sigma Aldrich) in 1x PBS for 1 hour and
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incubated with primary antibodies to vimentin (1:200; V5255, Sigma Aldrich), E-cadherin
(1:200; 24E10, Cell Signaling), cleaved caspase-3 (1:400; Asp175, 96618, Cell Signaling) or
Ki67 (1:250; SP6, ab16667, Abcam) overnight at 4 °C. For co-staining of E-cadherin and
vimentin, cells were fixed with 50:50 methanol:acetone for 10 minutes at -20 °C, permeabilized
with 0.1% Triton X-100 for 10 minutes at room temperature, blocked with 5% BSA in 1x PBS
for 2 hours, then incubated overnight at 4 °C with primary antibodies for E-cadherin (1:200,
24E10, Cell Signaling) and vimentin (1:200, V5255, Sigma Aldrich). For co-staining of cleaved
caspase-3 and Ki67, cells were fixed with 4% paraformaldehyde for 15 minutes at room
temperature, permeabilized with 0.1% Triton X-100 for 10 minutes at room temperature,
blocked with 5% goat serum and 0.3% Triton X-100 in 1x PBS for 2 hours, then incubated
overnight at 4 °C with primary antibodies for cleaved caspase-3 (1:400, Aspl175, 96618, Cell
Signaling) and Ki67 (1:1600, 8DS5, 9449, Cell Signaling). Samples were rinsed in 1x PBS three
times to remove unbound primary antibody before incubating with Alexa Fluor secondary
antibodies (1:500; Alexa Fluor 594 goat anti-rabbit (Invitrogen A-11037) and Alexa Fluor 488
goat anti-mouse (Invitrogen A-11029)) at room temperature for 1 hour. Samples were then
rinsed with 1x PBS three times to remove unbound secondary antibody. For F-actin staining,
cells cultured on MeHA hydrogels were rinsed with 1x PBS and fixed in 4% paraformaldehyde
at room temperature for 15 min, permeabilized with 0.1% Triton X-100 for 5 min at room
temperature and blocked in 1% BSA in 1x PBS for 25 min. Cells were incubated with Alexa
Fluor 594 phalloidin (1:150; Invitrogen) or with fluorescent dye 488-1 phalloidin (1:1000;
U0281, Abnova) for 25 min or 45 min respectively at room temperature and rinsed with 1%
PBS three times to remove unbound phalloidin. Nuclei of cells were counterstained with
Hoechst 33342 (Life Technologies) before mounting the samples on slides using Fluoromount-

G (Invitrogen).

Microscopy and image analysis: Stained samples were imaged using a 20x or 40 objective on
a Nikon Eclipse Ti-E inverted fluorescence microscope equipped with a Photometrics
CoolSNAP HQ2 charged-coupled device (CCD) camera. Imaging conditions and settings were
kept constant for all sample treatments. ImageJ was used to compute the cell spread area and
aspect ratio using the ‘shape descriptors’ measurement tool after outlining the cell boundary
from phase contrast microscopy images. For evaluating the percentage cells expressing cleaved
caspase-3 and Ki67, the number of cells staining positive for cleaved caspase-3 and Ki67 was

divided by the total number of cells within the analyzed images.
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Statistical analysis: Data are reported as mean =+ standard error of the mean. All experiments
including hydrogel characterization were repeated three times, unless otherwise noted. To
facilitate comparison of protein levels between samples, normalization to control samples was
performed and is indicated in the respective figure captions. For normally distributed data, an
analysis of variance (ANOVA) followed by Tukey’s post-hoc test for comparing means of
multiple samples was performed using Minitab or GraphPad Prism version 9.5.1 for sample
comparison. Differences were considered significant for p-values less than 0.05 and are

indicated as *p<0.05, **p<0.01 and ***p<0.001 within figures.
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