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Matrix stiffness is a driver of breast cancer progression and mechanosensitive transcriptional activator YAP plays
an important role in this process. However, the interplay between breast cancer and matrix stiffness, and the
significance of this interplay remained largely unknown. Here, we showed an increase in YAP nuclear localization
and a higher proliferation rate in both highly metastatic MDA-MB-231 cells and the non-metastatic counterpart
MCF-7 cells when they were exposed to the stiff matrix. However, in response to the stiff matrix highly metastatic

MDA-MB-231 cells instead of MCF-7 cells exhibited upregulated mobility, which was shown to be YAP-
dependent. Consistently, MDA-MB-231 cells exhibited different focal adhesion dynamics from MCF-7 cells in
response to matrix stiffness. These results suggested a YAP-dependent mechanism through which matrix stiffness
regulates the migratory potential of metastatic breast cancer cells.

1. Introduction

Extracellular matrix (ECM) stiffness is considered to be one of the
most influential risk factors for cancer progression (Lee et al., 2019;
Martin and Boyd, 2008; McConnell et al., 2016) and regulates cancer
malignancy (Provenzano et al., 2008).

As the hallmark of cancer malignancy, metastasis is a multistep pro-
cess that includes cell migration (Tahtamouni et al., 2019; Ritch et al.,
2019), which required numerous mechanisms led by cytoskeleton dy-
namics and Focal adhesion (FA) alterations (Ritch et al., 2019). FA dy-
namics is a continuous process involving coordination between FA and
actin cytoskeleton and is shown to be essential for cell migration (Hu
etal., 2014). As a main component of FA (Crawford et al., 2003), paxillin
is essential for cell migration and acts as a molecular adapter aiding in
implementing changes in the organization of actin cytoskeleton (Dera-
maudt et al., 2014).

Breast cancer metastasis of a variety of vital organs, such as bone, is
one of the leading causes of breast cancer mortality (Lu and Kang, 2007).
However, breast cancer metastasis is regarded as a highly inefficient
process due to the fact that less than 0.01% of circulating tumour cells
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eventually succeed in forming secondary tumours (Langley and Fidler,
2011). Some breast cancer cells remain dormant while other cells
become more metastatic (Barkan et al., 2010). The fate of the metastatic
process is determined by a complex series of interactions between breast
cancer cells and metastatic sites (Langley and Fidler, 2011), and thus, it
would be critical to understand the mechanisms involved in this complex
dialogue.

The development of circulating breast cancer cells on the metastatic
sites has been attributed to mechanical factors such as matrix stiffness
(Braun et al., 2005). Among the metastatic sites for breast cancer, the
stiffness of cellular matrix varies considerably (Ondeck et al., 2019). As a
mechanosensitive transcriptional regulator with a significant role in
cancer, Yes-associated protein (YAP) set responsiveness to the substrate
stiffness (Aragona et al., 2013a). The subcellular localization of YAP is in
either the cytoplasm or the nucleus, and the latter allows YAP binding
and activation of transcriptional enhanced associate domain (TEAD)
(Dupont et al., 2011). As the target gene of YAP, connective tissue growth
factor (CTGF) enhances the motility of breast cancer cells (Chen et al.,
2007). Through the modulation of YAP signalling, ECM stiffness induces
the phenotypic changes of breast cancer, including cell proliferation and
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migration (Haga et al., 2005; Ishihara et al., 2013; Paszek et al., 2005;
Umesh et al., 2014). The mechanical cues are transduced intracellularly
through YAP, which then enhances cancer metastasis (Zanconato et al.,
2016). However, the role of YAP mechanosensing in the complex inter-
play between breast cancer and matrix remained unclear (Barkan et al.,
2010; Guise, 2010; Langley and Fidler, 2007).

Previously we have demonstrated metastatic breast cancer promotes
the accumulation of YAP in the nucleus, thus giving the cells metastatic
advantage (Chen et al., 2019a). In this paper, we demonstrated that
migration of metastatic breast cancer cells is promoted by stiff matrix in a
YAP-dependent manner.

2. Materials and methods
2.1. Preparation of PDMS substrates for cell culture

Polydimethylsiloxane (PDMS) (Sylgard® 184, Dow Corning) base and
crosslinker were mixed at three different ratios (by weight) of 1:5, 1:10,
and 1:20 as described previously (Park et al., 2010). Mixtures were
poured onto prepared 24-well plates (Thermo Fisher Scientific), cured at
room temperature overnight (Figure 1). Resistance to deformation is
defined by the Young's elastic modulus, E, obtained by applying a tensile
force (stress) to a sample with a defined cross-sectional area and
measuring the relative change in length (strain). PDMS stiffness was
measured by microindentation using a Biomomentum Mach-1 system
(Biomomentum Inc) as described previously (Ireland et al., 2020). The
base reagent is known to contain 0.5% xylene, 0.2% ethylbenzene, 60%
dimethylvinyl-terminated dimethyl siloxane, 30-60% dimethylvinylated
and trimethylated silica and 1-5% tetra (trimethylsiloxy) silane.

Step 1. Surface modification
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Crosslinking agent contains 0.19% xylene, 0.1% ethylbenzene, 55-75%
dimethyl, methylhydrogen siloxane, 15-35% dimethylvinyl-terminated
dimethyl siloxane, 10-30% dimethylvinylated and trimethylated silica
and 1-5% tetramethyl tetravinyl cyclotetrasiloxane. The standard ratio
for PDMS preparation is 1:10 as per the instruction of PDMS supplier
Dow Corning. 1:5 and 1:20 ratios were chosen to extend PDMS stiffness
range in order to identify the responses of breast cancer to matrix
stiffness.

2.2. Cell culture and reagents

Human breast epithelial cell line MCF-10A cells and human breast
cancer cell line MCF-7 cells were purchased from American Type Culture
Collection (ATCC). MDA-MB-231 and Hs 578T cells were kindly pro-
vided by Dr. Juliet Daniel at McMaster University. MCF-7 and MDA-MB-
231 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM,
Thermo Fisher Scientific) supplemented with 10% Fetal Bovine Serum
(FBS, Thermo Fisher Scientific). All cell cultures were incubated at 37 °C
with 5% CO2. Both the cell types were grown on PDMS and plastic
substrates on 24 well plates (Thermo Fisher Scientific).

2.3. RNA extraction

MCF-7 and MDA-MB-231 cells were seeded and cultured on PDMS
and plastic substrates. Then the cells were harvested and total RNAs were
extracted using PureLink RNA Mini kit (Thermo Fisher Scientific) ac-
cording to the manufacturer's directions. RNA concentrations were then
measured using Qubit Fluorometer and Qubit RNA Assay Kit (Thermo
Fisher Scientific).
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Figure 1. The preparation of PDMS and plastic substrates for mammalian cell culture. PDMS and plastic substrates on well plates were subject to plasma treatment and

collagen coating prior to the mammalian cell attachment.
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2.4. qRT-PCR

YAP and CTGF gene expression were analyzed using quantitative
reverse transcription polymerase chain reaction (QRT-PCR) with GAPDH
as the internal reference gene. SYBR Green Quantitative qRT-PCR kit was
obtained from Sigma-Aldrich. YAP gene was amplified using: YAP for-
ward primer: 5’GCACCTCTGTGTTTTAAGGGTCT-3'; YAP reverse primer:
5'-CAACTTTTGCCCTCCTCCAA-3'. CTGF gene was amplified using:
CTGF forward primer: 5-AGGAGTGGGTGTGTGACGA-3'; CTGF reverse
primer: 5'-CCAGGCAGTTGGCTCTAATC-3'. GAPDH gene was amplified
using: GAPDH forward primer: 5'-CTCCTGCACCACCAACTGCT-3';
GAPDH reverse primer: 5'- GGGCCATCCACAGTCTCCTG-3'. The pro-
cedures were described previously (Chen et al., 2019b).

2.5. YAP immunofluorescence staining

For the analysis of YAP nucleus localization, MCF-7 cells or MDA-MB-
231 cells were fixed with 4% paraformaldehyde and permeabilized in
0.1% Triton X-100. Then, the cells were washed with PBS and blocked
with 5% PBS-BSA at 4 °C overnight. Then the cells were incubated with
mouse anti human YAP monoclonal antibody (Santa Cruz Biotechnology)
followed by fluorescein isothiocynanate (FITC)-conjugated goat anti-
mouse secondary antibody (Sigma-Aldrich). Cell nuclei of each sample
were stained with 4',6-Diamidino-2-phenylindole dihydrochloride
(DAPI, Thermo Fisher Scientific) and imaged on Olympus inverted phase
contrast and fluorescence microscope (IX51S1F-3, Olympus). For paxillin
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immunofluorescence, mouse anti-human paxillin monoclonal antibody
(Thermo Fisher Scientific) was used.

2.6. Colocalization analysis

CellProfiler (www.cellprofiler.org) was used to quantify YAP nu-
clear/cytoplasmic intensity in immunofluorescence images and YAP/
DAPI colocalization was measured via the correlation between the in-
tensities of green and blue channels on a pixel-by-pixel basis across an
entire image. The Cell Profiler colocalization pipeline was carried out to
calculate the correlation and colocalization (Manders Coefficient) be-
tween the pixel intensities.

2.7. Gap closure assay

1 x 10° MCF-7, Hs 578T and MDA-MB-231 cells were seeded on
PDMS and plastic substrates on 24 well plates. Cells were grown to form a
confluent monolayer in the wells before wounding. A sterilized pipette
tip was used to generate wounding across the cell monolayer, and the
debris was washed with PBS. At varying intervals, the cells migrating into
the wounded area were visualized and photographed at 0 and 24 h under
an inverted microscope (IX51S1F-3, Olympus). The distance between cell
front was measured at 0 h and 24 h time-points using ImageJ. To measure
the average healing speed inside the wound area at each time-point, the
following equation was used as described previously (Pijuan et al., 2019).

v (pm/h) = [Distance initial time (pm) — Distance final time (pm)]/Total time (h)

Figure 2. Stiff matrix improved proliferation
rates of both metastatic and non-metastatic can-
cer cells. (A) The determination of modulus of
elasticity of three types of PDMS substrates. Data
were represented as means + SD (n = 5). **P <
0.01, *P < 0.05. (B) Phase contrast microscopy of
MCF-7 and MDA-MB-231 cells that were cultured
on plastic (Stiff) or PDMS substrates (Soft 1:5,
Soft 1:10, Soft 1:20); Scale bar, 10 pm. (C) The
proliferation analysis of MCF-7 and MDA-MB-231
cells that were cultured on plastic (Stiff) or PDMS
substrates (Soft 1:5, Soft 1:10, Soft 1:20) using
Alamar Blue assay. Data were represented as
means + SD (n = 3). **P < 0.01, *P < 0.05, n.s.
not significant.
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2.8. YAP siRNA transfection

Pre-designed siRNAs (On-Target plus SMART pool targeting Control
and YAP) were purchased from Dharmacon. For siRNA transfection ex-
periments, MCF-7, Hs 578T and MDA-MB-231 cells were grown to form a
confluent monolayer on 24 well plates, subject to the wounding, and then
transfected with 100 nM of the indicated siRNA using DharmaFECT
transfection reagent (Dharmacon), following the manufacturer's
protocol.

2.9. Statistical analysis

The statistical analysis in this paper was reported as mean + SD. For
the evaluation of differences, unpaired 2-tailed Student's t-test was per-
formed assuming equal variance. Differences were considered significant
at P < 0.05.

3. Results

3.1. The development and stiffness measurement of soft (PDMS) substrates
Silicone elastomers such as PDMS are usually used to form elastic

membranes (Mohammed et al., 2019). The intrinsic PDMS properties

make it an appropriate choice of polymer for mechanobiology applica-
tions (Park et al., 2010). In this research, we examined the effects of

matrix stiffness on YAP nucleocytoplasmic shuttling, proliferation and
mobility of breast cancer cells that were cultured on collagen coated soft
(PDMS) substrates or stiff (plastic) substrate. The comparative analysis of
plastic versus soft polymers has been performed extensively in mecha-
nobiology research (Aragona et al., 2013b; Nukuda et al., 2015; Panciera
et al., 2020).

PDMS stiffness was adjusted by varying the ratio of curing agent to
base used during polymer mixing. Different mixing ratios yield different
proportions of crosslinked and uncrosslinked polymers after curing,
which vary the stiffness of the cured polymer (Park et al., 2010; Seghir
and Arscott, 2015). Thus, we fabricated PDMS substrates using three
mixing ratios (curing agent to base) of 1:5, 1:10, and 1:20 across a range
of matrix stiffnesses to investigate the regulation of matrix stiffness in
breast cancer metastasis. The standard ratio (curing agent to base) for
PDMS preparation is 1:10 as per the instruction of supplier. 1:5 and 1:20
ratios were chosen to extend PDMS stiffness range in order to identify the
responses of breast cancer to matrix stiffness as described previously
(Dupont et al., 2011; Park et al., 2010; Sotiri et al., 2018). PDMS and
plastic substrates were subject to oxygen plasma treatment and collagen
coating prior to the mammalian cell attachment (Figure 1). The modulus
of elasticity measurements showed that tensile strength of PDMS sub-
strates corelated linearly to the proportion of crosslinker, and the Young's
modulus was determined to be 3.28 MPa (MPa) for the PDMS of 1:5
mixing ratio, 0.92 MPa for the PDMS of 1:10 mixing ratio, and 0.35 MPa
for the PDMS of 1:20 mixing ratio (Figure 2A). As a comparison to soft
PDMS substrates, the plastic substrate (tissue culture polystyrene) has a
Young's modulus of 1 GPa (GPa) (Syed et al., 2015).
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Figure 4. Both metastatic and non-metastatic
cancer cell lines exhibited increased YAP nu-
clear entry in response to stiff matrix. (A) MCF-7
and MDA-MB-231 cells were cultured on stiff
(plastic) or soft (PDMS) substrates (Soft 1:5, Soft
1:10, Soft 1:20) and then YAP subcellular locali-
zation in those cells was analyzed by immuno-
fluorescence staining. The cells showing nuclear
exclusion of YAP were highlighted by arrow-
heads. Field-of-views were selected randomly
under each condition and photographed at a

DAPI OVERLAY

? 2 ™ magnification of 40 x. Scale bar, 10 pm; (B)
e - s Colocalization analysis of YAP and DAPI in the
(% % cells from Figure 4A were analyzed using Cell-
0 Profiler. Data were represented as means + SD (n
— = 3). *P < 0.05.
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3.2. Matrix stiffness altered the morphology of non-metastatic breast
cancer cells instead of metastatic breast cancer cells

As shown in Figure 1, we performed the surface modification on stiff
(plastic) and soft (PDMS) substrates by oxygen plasma treatment and
collagen coating (Figure 1). To investigate the effects of matrix stiffness
on breast cancer behaviours, we used highly metastatic breast cancer cell
line (MDA-MB-231) and non-metastatic counterpart cell line (MCF-7)
(Liu et al, 2019). Phase contrast microscopy demonstrated that
MDA-MB-231 cells exhibited the spindle-shaped morphologies both on
stiff (plastic) and soft (PDMS) substrates (Figure 2B). MCF-7 cells on stiff
substrate were flat with cobblestone-like morphology (Figure 2B). By
comparison, MCF-7 cells on soft (PDMS) substrates acquired spherical
morphology and formed aggregates (Figure 2B).

3.3. Both metastatic and non-metastatic cancer cells gained higher
proliferation rates in response to stiff matrix

The metastatic potentials of MCF-7 and MDA-MB-231 cells were
characterized in our previous studies (Chen et al., 2019b), and their
proliferation rates on different substrates were compared using Alamar
Blue assay in Figure 2C. The results showed that MDA-MB-231 cells ac-
quired a significantly higher growth rate on the plastic substrate
compared with all PDMS substrates (Figure 2C). However, both MCF-7
and MDA-MB-231 cells maintained a similar proliferation rate among
the three types of PDMS substrates (Figure 2C).

3.4. Migration of metastatic breast cancer cells was promoted by stiff
matrix in a YAP-dependent manner

Then we sought to understand the effects of matrix stiffness on the
migratory capacity of breast cancer cells with distinct metastatic poten-
tial. Thus, we employed the gap closure assay to assess the mobility of
highly metastatic MDA-MB-231 and Hs 578T cells in comparison to non-

metastatic MCF-7 cells when they were grown on stiff and soft substrates.
The images of the gap closure assay were shown in Figure 3A and
quantified in Figure 3B. MCF-7 cells that were cultured on soft (PDMS)
and stiff (plastic) substrates exhibited a similar rate of gap closure, which
was reflected by the average healing speed (Figure 3B). In comparison,
Hs 578T and MDA-MB-231 cells on the stiff (plastic) substrate displayed a
higher average healing speed than the cells grown on the soft (PDMS)
substrates (Figure 3B). However, there was no significant difference in
the average healing speed of cells between stiff and soft substrates when
MCF-7, Hs 578T and MDA-MB-231 cells were transfected with siRNA
targeting against YAP (Figure 3B).

3.5. Increased YAP nuclear entry was shown in both metastatic and non-
metastatic cancer cells on stiff matrix

To better understand the effects of matrix stiffness on YAP nucleo-
cytoplasmic shuttling, we performed the YAP intracellular localization
analysis in MCF-7 and MDA-MB-231 cells cultivated on soft (PDMS) and
stiff (plastic) substrates. Then we conducted fluorescent microscopy of
YAP (Figure 4A, green channel) and DAPI (Figure 4A, blue channel) and
colocalization analysis of the two channels (Figure 4B) to measure YAP
nucleo-cytoplasmic shuttling.

YAP was shown to locate mostly outside the nucleus (Figure 4A,
arrow heads) in both MCF-7 and MDA-MB-231 cells that were grown on
soft (PDMS) substrates. When both the cell lines were cultured on stiff
(plastic) substrate, YAP was evenly distributed intracellularly
(Figure 4A). Consistently, higher colocalization between YAP and DAPI
(YAP nuclear entry) was observed in MCF-7 cells and MDA-MB-231 cells
that were cultured on stiff (plastic) substrate (Manders Coefficient 0.9
and 0.7 respectively) (Figure 4B). Whereas MCF-7 cells and MDA-MB-
231 cells grown on soft (PDMS) substrates displayed significantly less
YAP and DAPI colocalization (Manders Coefficient close to or less than
0.2).
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Figure 5. Focal adhesion dynamics in metastatic
breast cancer cells were regulated by matrix
stiffness. (A) qRT-PCR analysis of YAP (left panel)
and CTGF (right panel) gene expression in MCF-7

and MDA-MB-231 cells that are cultured on stiff
(plastic) or soft (PDMS) substrates (Soft 1:5, Soft
1:10, Soft 1:20). Data were represented as means
=+ SD (n = 3). n.s. not significant. (B) The paxillin
staining in MCF-10A, MCF-7, Hs 578T and MDA-
MB-231 cells that were cultured on stiff (plastic)
or soft (PDMS) substrates (Soft 1:5, Soft 1:10, Soft
1:20). Field-of-views were selected randomly
under each condition and photographed at a
magnification of 40 x. Scale bar, 10 pm. The
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3.6. The stiffness difference between PDMS substrates did not affect YAP
mRNA expression in metastatic cancer cells

As YAP nucleo-cytoplasmic shuttling was regulated by matrix stiff-
ness (Figure 4), we sought to identify whether YAP gene expression in
MDA-MB-231 cells sensed the stiffness differences between the three
PDMS substrates. Due to the low expression of YAP signalling in MCF-7
cells, we conducted the mRNA analysis in MDA-MB-231 cells that were
cultivated on PDMS using qRT-PCR analysis. The results showed no
difference in the gene expression of YAP (Figure 5A, left) and its target
gene CTGF (Figure 5A, right) in MDA-MB-231 cells cultivated on the
three types of PDMS substrates. The results indicated that YAP-
dependent mechanotransduction might not differentiate the range
(0.35 MPa-3.28 MPa) of matrix stiffness.

3.7. Focal adhesion dynamics in metastatic breast cancer cells were
regulated by matrix stiffness

Figure 3 showed that MDA-MB-231 and Hs 578T cells acquired higher
migratory potential on the stiff (plastic) substrate. In order to charac-
terize the FAs dynamics associated with mobility increase of metastatic
breast cancer cells, we performed paxillin staining with MCF-10A, MCF-
7, Hs 578T, and MDA-MB-231 cells that were cultured on the substrates
with different amount of stiffness. A similar diffuse cytoplasmic staining

(=)}

representative cells with diffuse staining pattern
of paxillin were highlighted using arrowheads
and the representative cells with perinuclear
staining pattern of paxillin were highlighted using
circles.

Soft
1:10

Soft
1:20

Soft 1:20

pattern of paxillin was observed in non-cancerous MCF-10A cells
cultured on the stiff (plastic) and soft (PDMS) substrates (Figure 5B,
highlighted by arrowheads). Metastatic breast cancer cell lines MDA-MB-
231 and Hs 578T cells exhibited a mix of both diffuse cytoplasmic
staining pattern (Figure 5B, highlighted by arrowheads) and perinuclear
staining pattern (Figure 5B, highlighted by circles) when cultured on the
stiff (plastic) and soft (PDMS) substrates. Whereas most of MCF-7 cells on
the soft substrate (PDMS) displayed perinuclear staining pattern of pax-
illin (Figure 5B, highlighted by circles) in comparison to the cells on stiff
substrate (plastic).

4. Discussion

ECM stiffness of metastatic sites (bone, lung, brain and lymph node) is
linked to biochemical signalling in breast cancer, which influences the
outcome of cancer metastasis (Ulbricht et al., 2013). Although YAP was
shown to be the central hub regulating cancer proliferation and metas-
tasis, the significance of YAP orchestrated mechanotransduction in the
outcome of breast cancer metastasis remains unclear (Lamar et al., 2012;
Ondeck et al., 2019; Wu and Yang, 2018). In this paper, we identified a
YAP-dependent cellular mechanism through which metastatic breast
cancer cells enhance their migratory potential on stiff matrix.

YAP is primarily controlled at the level of the nucleocytoplasmic
shuttling (Shreberk-Shaked and Oren, 2019). However, the controlling
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mechanisms over YAP nucleocytoplasmic shuttling orchestrates cancer
behaviours are unclear (Dobrokhotov et al., 2018; Elosegui-Artola et al.,
2017; Shreberk-Shaked and Oren, 2019). Most of these mechanical in-
puts converge on two distinct, yet interdependent signal transduction
systems: the Hippo pathway and the state of the actomyosin cytoskeleton
(Kofler et al., 2018). Our research characterized the effects of matrix
stiffness on breast cancer metastasis via a series of cellular events such as
YAP nucleocytoplasmic shuttling (Figure 4), alteration of FA dynamics
(Figure 5), cell mobility enhancement (Figure 3).

This study provided the findings for the understanding of cancer
behaviours that are developed in response to matrix stiffness. Firstly, the
results showed that migration of metastatic breast cancer cells is regu-
lated by matrix stiffness. And this regulation was not observed in non-
metastatic breast cancer cells. Secondly, the results suggested that YAP
signalling is required for the regulation of breast cancer cell migration by
matrix stiffness.

5. Conclusions

To summarize, our study demonstrated that migration of metastatic
breast cancer cells is promoted by stiff matrix via YAP signalling. Since
initiating cell growth and migration is the most challenging step for
disseminating breast cancer cells (Langley and Fidler, 2011), the
continued investigation into the regulation of cancer cell migration by

matrix stiffness will shed light on the mechanism of breast cancer
metastasis.
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