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Mechanical factors in the tumor microenvironment play an important role in response
to a variety of cellular activities in cancer cells. Here, we utilized polyacrylamide
hydrogels with varying physical parameters simulating tumor and metastatic target
tissues to investigate the effect of substrate stiffness on the growth, phenotype, and
chemotherapeutic response of ovarian cancer cells (OCCs). We found that increasing
the substrate stiffness promoted the proliferation of SKOV-3 cells, an OCC cell line. This
proliferation coincided with the nuclear translocation of the oncogene Yes-associated
protein. Additionally, we found that substrate softening promoted elements of epithelial-
mesenchymal transition (EMT), including mesenchymal cell shape changes, increase
in vimentin expression, and decrease in E-cadherin and B-catenin expression. Growing
evidence demonstrates that apart from contributing to cancer initiation and progression,
EMT can promote chemotherapy resistance in ovarian cancer cells. Furthermore, we
evaluated tumor response to standard chemotherapeutic drugs (cisplatin and paclitaxel)
and found antiproliferation effects to be directly proportional to the stiffness of the
substrate. Nanomechanical studies based on atomic force microscopy (AFM) have
revealed that chemosensitivity and chemoresistance are related to cellular mechanical
properties. The results of cellular elastic modulus measurements determined by AFM
demonstrated that Young’s modulus of SKOV-3 cells grown on soft substrates was less
than that of cells grown on stiff substrates. Gene expression analysis of SKOV-3 cells
showed that mRNA expression can be greatly affected by substrate stiffness. Finally,
immunocytochemistry analyses revealed an increase in multidrug resistance proteins,
namely, ATP binding cassette subfamily B member 1 and member 4 (ABCB1 and
ABCBA4), in the cells grown on the soft gel resulting in resistance to chemotherapeutic
drugs. In conclusion, our study may help in identification of effective targets for cancer
therapy and improve our understanding of the mechanisms of cancer progression
and chemoresistance.

Keywords: ovarian cancer, substrate stiffness, Yes-associated protein, epithelial-mesenchymal transition,
chemoresistance
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INTRODUCTION

Epithelial ovarian cancer (EOC) is the leading cause of death
among gynecological malignancies (Walker et al., 2015). This
poor prognosis is mainly because most patients are diagnosed
at a late stage and have drug resistance. The standard treatment
of EOC is the surgical removal of the tumor tissue followed
by chemotherapy. Cisplatin and paclitaxel represent the two
most widely used first-line agents for EOC. Most EOC patients
are chemotherapy-sensitive; however, 15% experience primary
platinum resistance (Jemal et al., 2010). Many patients also
experience cancer recurrence within 2 years of initial treatment
due to acquired resistance to platinum-based chemotherapy.
Five-year survival is only 30% in advanced EOC (Mor and Alvero,
2013). Chemotherapy resistance is considered to be a major
obstacle to the successful treatment of EOC. This highlights
the need to elucidate mechanisms that drive cancer progression
and resistance and to develop therapeutic strategies for drug-
resistant relapses.

The role of tissue stiffness has been explored in various
human cancers. Many factors promote tumor tissue stiffening,
including extracellular matrix (ECM) remodeling and an
increase in the interstitial pressure due to tumor growth and
chaotic microvasculature (Erkan et al., 2012). ECM 1is primarily
composed of collagen and fibrous proteins, proteoglycans.
ECM stiffening in tumors is caused by the reorganization of
the stroma by the excessive activation of ECM enzymes and
proteins that covalently cross-link collagen fibers and other ECM
components (Levental et al., 2009). Cells sense and respond to
the mechanical properties of the ECM through mechanocellular
systems, including focal adhesion complexes, integrins, the actin
cytoskeleton, and associated molecular motors. Recent reports
indicate that mechanical forces are also directly transmitted
from the ECM to the nucleus by the physical anchoring of the
cytoskeleton to the nuclear lamina (Tajik et al., 2016). The Hippo
pathway effector protein Yes-associated protein (YAP) is a well-
known intracellular transducer of mechanical stimuli (Dupont
et al.,, 2011). Studies have shown that the Hippo pathway and
YAP not only respond to mechanical cues but are also important
mediators of cellular responses to these stimuli (Dupont et al.,
2011; Aragona et al., 2013). In addition to providing structural
support, the ECM can regulate cellular behavior. Recently, studies
have reported that the stiffness of the ECM plays a pivotal role in
tumor initiation, progression, metastasis, and therapeutic efficacy
(Sethi et al., 1999; Feng et al., 2013; Liu et al., 2016).

Cancer cells gain chemoresistance through a variety
of mechanisms. Apart from intrinsic resistance factors
(Galluzzi et al., 2012), tumor chemoresistance is also affected
by the biochemical and physical properties of the tumor
microenvironment (TME) (Ostman, 2012; Kharaishvili et al.,
2014; Wu et al., 2021). The physical components of the TME,
such as high interstitial fluid pressure and densely packed
cells, hinder drug delivery (Correia and Bissell, 2012). Cancer
cells can acquire chemoresistance via cell-cell and cell-.ECM
interactions (Landowski et al., 2003). When a cancer cell comes
into close contact with the stromal cells or ECM, adhesion
induces the production of pro- and anti-apoptotic molecules

(Hazlehurst et al., 2000, 2007). Mounting evidence suggests that
not only the composition of the ECM but also its stiffness can
significantly affect chemoresistance (Schrader et al., 2011; Liu
et al., 2015). Drug resistance arises from multiple mechanisms,
such as drug target mutations, drug metabolism, drug efflux, etc.
Recently, epithelial-mesenchymal transition (EMT) has received
increasing attention for its role in cancer drug resistance. Several
studies show that cancer cells resistant to cisplatin and/or
paclitaxel had acquired a mesenchymal phenotype (Kajiyama
et al., 2007; Yang et al., 2014), which points to EMT as a possible
driver of resistance.

Instead of the classic patterns of metastasis via the
hematogenous route and extravasation at a distal site, ovarian
cancer cells (OCCs) often metastasize through the intraperitoneal
fluid to the omentum, retroperitoneal lymph nodes, and even to
the parenchyma of the liver or lungs. The prognosis of patients
with EOC is most likely related to the degree of peritoneal
dissemination. The omentum, which is one of the most frequent
sites of ovarian cancer metastasis, is predominantly composed
of adipose tissue. Adipocytes are the key components of ovarian
cancer TME and have been shown to stimulate the migration
of OCCs toward omentum through secreted cytokines such as
IL-8 (Nieman et al., 2011). Omental adipocytes also have been
shown to produce fatty acids, which can be used as an energy
source, to support OCCs proliferation. Adipocytes also influence
OCC chemoresistance. Activated Akt enhances the survival of
OCCs and promotes the chemoresistance through attenuating
P53 proapoptotic signaling (Yang et al., 2006; Fraser et al., 2008).
Studies have demonstrated that adipocyte-secreted arachidonic
acid (AA) acts directly on OCCs to activate AKT and inhibit
cisplatin-induced apoptosis (Yang et al., 2019). Currently, there
is a gap in our understanding of the effects of substrate stiffness
on OCC chemoresistance and the driving mechanisms that
underlie it. In the present study, we utilized a collagen-coated
polyacrylamide hydrogel system with elastic properties that
mimic those of tumor, and metastatic target tissues for OCC
dissemination, to investigate the role of substrate stiffness in
OCC growth and chemotherapeutic response.

MATERIALS AND METHODS

Cell Culture

The EOC cell line, SKOV-3 (American Type Culture Collection
[ATCC]) was cultured in RPMI-1640 media (Gibco, Waltham,
MA, United States) supplemented with 10% fetal bovine serum
(Corning, New York, NY, United States), 100 U mL~! penicillin,
and 100 mg mL™~! streptomycin (all from Hyclone, Logan, UT,
United States) in a humidified incubator at 37°C with 5% CO,.

Proliferation and Cytotoxicity Analysis

For proliferation analysis, the OCCs were seeded in 24-well
culture plates, coated with hydrogel substrates of different
stiffness (Matrigen, United States), at a concentration of 2,500
cells/cm?, and cultured for 6 days. Cell viability was determined
once every 24 h. For cytotoxicity analysis, SKOV-3 cells were
seeded in 96-well culture plates, coated with hydrogel substrates
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of different stiffness (Matrigen, United States), at a concentration
of 4 x 10° cells/well for 24 h. The cells were then treated
with varying concentrations of paclitaxel (Sigma, United States)
or cisplatin (Tokyo Chemical Industry, Japan) for 48 h. The
concentrations of paclitaxel were 0, 1074, 1073, 1072, 1071, 1
pg/mL. The concentration of cisplatin were 0, 1072, 1071, 1, 5,
and 10 pM. After discarding the supernatant, Cell Counting Kit-
8™ (CCK-8) (DOJINDO, Japan) working solution was added
to each well and incubated for 3 h at 37°C. The absorbances at
450 nm were read using a spectrophotometer (NanoDrop, ND-
100, United States). Each experiment was repeated three times to
assess for the consistency of the results.

Environmental Scanning Electron
Microscopy

The SKOV-3 cells were cultured on small circular glass sheets
coated with hydrogel substrates of different stiffness (Matrigen,
United States). The cells were cultured in this environment for
three days. Next, the cells were washed with phosphate-buffered
saline (PBS) three times and fixed using 2.5% glutaraldehyde for
30 min at 25°C. The cells were then again washed with PBS three
times. Next, the cells were dehydrated using 30, 50, 70, 85, 95,
and 100% ethanol for 15 min each time. A carbon dioxide critical
point dryer was used to replace the ethanol in the sample for
drying. Finally, the cells were imaged using the low vacuum mode
of the environmental scanning electron microscope (Quanta 200
FEG, FEI, United States).

Immunofluorescence Staining

The SKOV-3 cells were seeded on small circular glass sheets,
coated with hydrogel substrates of different stiffness (Matrigen,
United States) and were cultured for 48 h. The cells were
washed with PBS three times and then were fixed using 4%
paraformaldehyde solution for 30 min. After washing with PBS
three times, the cells were treated with the 2.5% Triton-X™
for 30 min. The cells were blocked with 3% bovine serum
albumin (BSA) (Solarbio, China) and were incubated with a
1:100 dilution of primary antibody against a-tubulin (DM1A-
3873s, Cell Signaling Technology, United States), paxillin
(sc-365379, Santa Cruz, United States), vimentin (sc-6260,
Santa Cruz), E-cadherin (sc-21791, Santa Cruz), B-catenin (sc-
7963, Santa Cruz), YAP (sc-101199, Santa Cruz) overnight
at 4°C. The cells were then washed with PBS three times
and incubated with a secondary antibody (ab150113, Abcam,
United Kingdom) for 1 h. 4,6-diamidino-2-phenylindole (DAPI)
(Cell Signaling Technology), which was diluted with PBS
to 1 pg/mL, was added and incubate for 5 min, then
washed with PBS three times. Finally, images were acquired
using a laser scanning confocal microscope (UltraVIEW VoX;
PerkinElmer, United States).

Western Immunoblotting

The SKOV-3 cells were seeded in 6-well culture plates, coated
with hydrogel substrates of different stiffness (Matrigen,
United States), at a concentration of 2.5 x 10° cells per
well and were cultured for 72 h. Cell lysates were prepared

in radioimmunoprecipitation assay (RIPA) buffer plus
PhosStop™  (Biorigin, BN25015). Equal amounts of protein
were separated by gel electrophoresis and transferred onto
a polyvinylidene fluoride (PVDF) (Merck Millipore Ltd.,
Tullagreen, Carrigtwohill) membrane. The membrane was
blocked with 5% non-fat dry milk and then incubated with
a 1:1,500 dilution of primary antibody against a-tubulin
(DM1A-3873s, Cell Signaling Technology), paxillin (D9G12-
12065, Cell Signaling Technology), vimentin (D21H3-5741,
Cell Signaling Technology), E-cadherin (24E10-3195, Cell
Signaling Technology), p-catenin (D10A8-8480, Cell Signaling
Technology), YAP (sc-101199, Santa Cruz), ABCB1 (ABP59326,
Abbkine), or ABCB4 (ABP59247, Abbkine) overnight at
4°C. The membrane was then washed and incubated with
a secondary peroxidase-conjugated antibody (ab-150077 or
ab150113, Abcam) for 1 h after washing. Antibody binding
was detected using an enhanced chemiluminescence detection
buffer from Alpha Innotech Imaging System (San Leandro, CA,
United States). Image]J software (Fiji-win64) was used to analyze
the data. Each experiment was repeated three times to assess for
consistency of results.

Atomic Force Microscopy

The SKOV-3 cells were seeded in Petri dishes, coated with
hydrogel substrates of different stiffness (Matrigen, United States)
for 3 days. To probe the nanomechanical properties of the
cells, we employed an AFM instrument (5,500; Keysight, Santa
Rosa, CA, United States) combined with an inverted microscope
(TE2000U; Nikon, Tokyo, Japan). As the 0.5 kPa hydrogel
was too soft for AFM experiments, we instead used hydrogels
with stiffness values of 4, 25, and 50 kPa for this test. Each
cell was probed by recording the approach part of the force-
distance curve at the central region of the cytoplasm with a
frequency of 1 Hz. According to our previous method (Shi
et al, 2010), silica microspheres (Thermo Fisher Scientific,
United States) with a diameter of approximately 10 wm were
attached to the tipless cantilever with a typical spring constant
(k) of about 0.2 Nm~! (TL-CONT, NANOSENSORS, Neuchatel,
Switzerland). The force-distance curves were converted into
force-indentation curves and fitted to the spherical Hertz model
to calculate Young’s modulus of the cells. Before AFM indention
testing, the spring constant of the cantilever was determined
using the thermal tune method. According to the slope of
the force-distance curves acquired on the glass substrate, the
deflection sensitivity of the cantilever was measured in the fluid.

mRNA Expression Analysis

High throughput sequencing was used to identify significant
differences in gene expression in the cells grown on different
substrates. The total RNA from each sample was isolated using
TRIzol® reagent (Merk, Darmstadt, Germany). The triplicate
samples of all assays were constructed an independent library.
TruSeq RNA Sample Prep Kit (Illumina, FC-122-1001) was used
with 1 pg of total RNA for the construction of sequencing
libraries. NEBNext® Poly(A) mRNA Magnetic Isolation Module
kit was used to enrich the poly (A) tailed mRNA molecules from
1 pg total RNA. The gene expression analysis were performed to
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analyze the differentia expression genes (DEGs) between samples.
Next, pathway analysis was applied to determine the significant
pathways of the differential genes using the Kyoto Encyclopaedia
of Genes and Genomes (KEGG) database. The P-values for the
pathways of all the differential genes were calculated. P-value
were used to carry out significance analysis. Parameters for
classifying significantly DEGs are > 2-fold differences (|log2FC|
> 1, FC: the fold change of expressions) in the transcript
abundance and P < 0.05.

Statistics Analysis

Origin Pro (version 8.5, OriginLab Corporation, Northampton,
MA, United States) was used to perform statistical analysis with
a one-way analysis of variance (ANOVA). A two-sample ¢-test
was used to determine statistical significance. Differences with a
p-value below 0.05 were considered statistically significant for all
experiments unless otherwise specified.

RESULTS

Substrate Stiffness Influences the OCC

Proliferation

The most common sites of metastasis for OCCs are the
peritoneum, lymph nodes, lungs, and liver. According to previous
reports, hydrogels with stiffness of 0.5, 4, and 25 kPa are
equivalent to the stiffness of lymph nodes, peritoneum, and
tumor tissues (Levental et al., 2007; McKenzie et al., 2018).
Growth profiles of SKOV-3 cells cultured on different substrates
were plotted by calculating cell numbers in 24 h intervals for
6 days. The SKOV-3 cells in the 0.5, 4, and 25 kPa hydrogels
entered the logarithmic growth phase at the 5th, 4th, and 4th
day, respectively (Figure 1A). The doubling time (Td) results
based on 72 h cultures showed that the SKOV-3 cells in the 0.5,
4, and 25 kPa hydrogel substrates had a Td of 56.58, 42.05, and
31.05 h, respectively (Figure 1B). These results indicated that the
proliferation rate of SKOV-3 cells was increased when on a more
rigid substrate.

Substrate Stiffness Influences the

Skeleton of Ovarian Cancer Cell SKOV-3
Cells adhere to the ECM through focal adhesions that link
the actin cytoskeleton to ECM. The cytoskeleton is a dynamic
network composed mainly of three kinds of fiber structures,
namely F-actin, microtubules, and intermediate filaments. The
actin cytoskeleton is known to be highly responsive to mechanical
stresses (Fletcher and Mullins, 2010). The cytoskeleton structures
of SKOV-3 cells on the tested substrates were investigated using
laser scanning confocal microscopy. The results showed that
the fluorescence of F-actin and tubulin were weak in cells on
soft substrates, whereas the cells on rigid substrates exhibited
prominent stress fibers (Figure 2A). Additionally, the western
blot assays showed that the expression of tubulin and focal
adhesion-paxillin increased as substrate stiffness also increased
(Figure 2B). These results indicated that the cytoskeleton was
remodeled and reinforced to match the force applied by the
different substrates.

Substrate Stiffness Affects Cell Stiffness

Mechanical analysis of the force-distance curves was performed
to determine the relative cell elasticities indicated by Young’s
modulus. The curves were then fitted to the spherical Hertz
model. AFM measurements demonstrated that Young’s modulus
of SKOV-3 cells grown on soft substrates was less than that of
cells grown on stiff substrates (p < 0.05; Figure 3). Values are
expressed at mean =+ standard deviation. The values of Young’s
modulus in the 4, 25, and 50 kPa groups were 4.70 £ 0.91,
7.94 £ 1.82, and 8.34 + 2.19 kPa, respectively.

Substrate Stiffness Regulates the
Phenotypes of OCCs

Characteristic phenotypic markers of mesenchymal and epithelial
cells were assessed to demonstrate EMT across the cell
population. These included an increase in vimentin expression,
decreases in E-cadherin and f-catenin expression, and a
more elongated cell shape. Immunofluorescence staining and
Western blotting showed that SKOV-3 cells grown on stiffer
substrates had increased vimentin expression and decreased
E-cadherin and P-catenin expression (Figures 4Aa-f,B). Cell
shape was also observed to change with stiffness. Images
were acquired using an environmental scanning electron
microscopy in low vacuum mode to observe the morphological
response to changes in substrate stiffness (Figures 4Ag-i).
The shapes of cells on the soft substrates (0.5 kPa) were
mostly spindle-like and the cells were well spread out and
flattened on stiffer substrates. The shape of cells grown on
the softer substrates showed characteristics of epithelial cells.
These results indicated that EMT occurred in OCCs on the
soft substrates.

Substrate Stiffness Promotes YAP

Nuclear Localization

YAP is the main effector of the Hippo signaling pathway and is
involved in signal transduction and transcriptional activation of
downstream target factors (Piccolo et al., 2014). YAP was noted
as an oncogene in previous studies. High YAP activity drives
proliferation, differentiation, invasion, and metastases of cancer
cells. Studies have revealed that, apart from the Hippo pathway,
YAP is regulated by mechanical forces (Benham-Pyle et al., 2015).
Therefore, we investigated the effect of substrate stiffness on YAP
nuclear localization in OCCs. The immunofluorescence studies
showed that the nuclear distribution of YAP in SKOV-3 cells
grown on stiff substrates was elevated compared to cells grown on
soft substrates (p < 0.01; Figures 5A,B). Western blotting showed
that there were no significant differences in the expression of YAP
among the cells in the three substrate rigidity groups (Figure 5C).
These results demonstrated that substrate stiffness promoted
nuclear translocation of YAP. Substrate stiffness regulates the
chemosensitivity of OCCs.

The chemotherapeutic drugs cisplatin and paclitaxel work
based on distinct molecular mechanisms. Cisplatin forms DNA
cross-links and platinum adducts between DNA and proteins,
which causes DNA damage and subsequent cell death (Florea
and Biisselberg, 2011). Paclitaxel induces cell death by binding to
microtubulin, thus causing microtubule dysfunction, induction
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FIGURE 1 | (A) SKOV-3 cell growth profiles on substrates of varying stiffness; (B) doubling time (Td) of SKOV-3 cells on different substrates after 72 h.
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of cell cycle arrest in G2-M, and activation of apoptosis (Horwitz,
1992). The pharmacological responses of the SKOV-3 cells on
different substrates to the antitumor drugs cisplatin and paclitaxel
were evaluated. Values are expressed at mean =+ standard
deviation. For cisplatin at the lowest concentration (less than
1 wM), there were no significant differences in survival rates
of SKOV-3 cells on different substrates. At 1 WM of cisplatin,
survival rates of SKOV-3 cells on the 0.5, 4, and 25 kPa
substrates were 79.18 £ 10.84, 81.77 = 3.06, and 57.99 =+ 4.10%,
respectively. There was no significant difference between 0.5 and
4 kPa, but there was a significant difference between the former
two and the 25 kPa substrate (p < 0.05). However, at 5 M,
the cell survival rates were 46.48 + 5.54, 31.08 + 3.30, and
33.63 & 3.43%, respectively. There was no significant difference
between 4 and 25 kPa, but there was a significant difference

between the latter two and 0.5 kPa (p < 0.05). At 10 pM, there
were no significant differences in survival rates of SKOV-3 cells
on different substrates (Figure 6A). Subsequently, the mean ICs
values for cisplatin were 4.48 £ 0.35, 3.07 & 0.15, and 2.60 % 0.41
M for the 0.5, 4, and 25 kPa substrates, respectively (Figure 6B).
There was a significant difference between 0.5 kPa and the latter
two (p < 0.01), but there was no significant difference between 4
and 25 kPa substrate (p < 0.05).

For paclitaxel, the effects of substrate stiffness on
pharmacological response were similar to that of cisplatin.
As the concentration of paclitaxel increased, the cell survival
rates on all substrates gradually decreased. At a concentration
of 107* g mL™!, the cell survival rates on the 0.5, 4, and
25 kPa hydrogels were 101.47 + 11.98, 78.81 + 6.69, and
71.55 % 3.72%, respectively. There was a significant difference
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between 0.5 kPa and the latter two (p < 0.05), but there was
no significant difference between 4 kPa and 25 kPa substrate
(p < 0.05). When increased to 10~% g mL™!, the cell survival
rates were 81.99 £ 2.15, 61.25 £ 3.87, and 50.89 + 3.51%,
respectively. There was a significant difference between 0.5 and
4 kPa (p < 0.01), between 4 and 25 kPa (p < 0.05). At 1072 pg
mL~1, the cell survival rates were 52.18 4 2.31, 34.2 & 0.84, and
28.24 £ 3.40%, respectively. There was a significant difference
between 0.5 and 4 kPa (p < 0.01), and there was no significant
difference between 4 and 25 kPa. At the highest dose of 107!
pg mL~!, the cell survival rates of the cells grown on the 0.5,
4, and 25 kPa substrates was 51.27 £ 7.11, 29.97 £ 1.72, and
18.06 % 0.3%, respectively. There was a significant difference
between 0.5 and 4 kPa (p < 0.01), between 4 and 25 kPa
(p < 0.05). At the highest dose of 1 pg mL™!, the cell survival
rates of the cells grown on the 0.5, 4, and 25 kPa substrates was
51.48 £ 7.14, 29.02 + 2.49, and 16.97 £ 1.85%, respectively
(Figure 6C). There was a significant difference between 0.5 and
4 kPa (p < 0.01), but there was no significant difference between
4 and 25 kPa substrate (p < 0.05). The mean ICsy values of
paclitaxel for cells grown on the 0.5, 4, and 25 kPa substrates were
0.21 +£ 0.12, 0.0018 % 0.0004, and 0.0007 £ 0.00005 jLg mL~},
respectively (Figure 6D). There was a significant difference
between 0.5 kPa and the latter two, but there was no significant
difference between 4 kPa and 25 kPa substrate (p < 0.05).

Analysis of SKOV-3 Cell Gene Expression

When Grown on Different Substrates
In order to identify the effect of substrate stiffness on gene
expression, we evaluated for differentially expressed mRNAs

in the SKOV-3 cells grown on the different substrates via
microarray analysis. Changes in gene expression were measured
after 3 days of growth on the gels. The hierarchical clustering
analysis of these changes in mRNA expression is shown in
Figure 7A. We found that the general direction of changes
in gene expression (up or downregulated) was more similar
between cells cultured on 25 and 4 kPa substrates. We performed
the pathways analyses of the differentially expressed mRNA
according to the KEGG database. Figure 7B lists the 30 most
significant signaling pathways. Among these, endocytosis, the
Hippo signaling pathway, metabolic pathways, proteoglycans
in cancer, the MAPK signaling pathway, regulation of actin
cytoskeleton, focal adhesion, and cell cycle were ranked the
highest. Figure 7C expression levels of genes involved in
platinum drug resistance, apoptosis and cell cycle. Many genes
whose molecular action imparts in apoptosis were downregulated
in the cells grown on 0.5 kPa substrate. Platinum drug-resistance
genes including ERBB2, BCL2, MAP3K5, PIK3R1, and BIRC3
were significantly upregulated in SKOV-3 cells on soft substrates.

Substrate Stiffness Affects the
Expression of Multidrug Resistance

Proteins

The ABC transporter (ATP-binding cassette transporter)
superfamily is a group of transmembrane proteins and
transporters that cause drug resistance by using ATP to
excrete multiple anticancer drugs. After tumor cells develop
resistance to a drug, they also develop resistance to drugs with
different structures and mechanisms of action that they have
not been exposed to, which is a phenomenon called multidrug
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FIGURE 6 | Responses of SKOV-3 cells grown on different substrates to cisplatin and paclitaxel. (A) Survival rates of SKOV-3 cells on different substrates after
treatment with different concentrations of cisplatin. (B) IC50 values of cisplatin on different substrates. (C) Survival rates of SKOV-3 cells on different substrates after
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resistance (MDR). Overexpression of ABC transporters is an
important cause of MDR. Among the various ABC transporters,
ABCB1 (MDR1) and ABCB4 (MDR3) are thought to play
important roles in ovarian cancer. The results showed that the
expression of ABCB1 and ABCB4 on the soft substrates was
higher than that on rigid substrates (Figure 8). These results
indicated that substrate stiftness affected the expression of genes
related to multidrug resistance.

DISCUSSION

In this study, we demonstrated that the growth and the
chemotherapeutic response of OCCs in vitro are markedly
affected by substrate stiffness. It has previously been
demonstrated that substrate stiffness can regulate proliferation
in a variety of other cancer cells (Tilghman et al., 2010). In
our study, the growth profiles of the human OCC line SKOV-3
were analyzed and the results showed increased proliferation
and rapid cell cycle progression when cells were cultured on
rigid substrates. In previous studies, it has been demonstrated
that the expression of cyclin-D was upregulated and critical
mitogenic signaling was promoted on rigid substrates (Schrader
et al., 2011; Hui et al,, 2017). YAP was noted as an oncogene in

previous studies. The canonical mechanism of YAP regulation
is a phosphorylation cascade in the Hippo pathway (Huang
et al., 2005). YAP is inhibited through direct phosphorylation
of the central components of the Hippo pathway including
the Mst1/2 and Lats1/2 kinase cascades (Piccolo et al., 2014).
Phosphorylated YAP localizes to the cytoplasm in an inactive
state and dephosphorylated YAP enters the nucleus from the
cytoplasm. In the nucleus, YAP mainly induces cell proliferation
and the expression of anti-apoptotic genes by interacting with
various transcription factors such as the TEA region (TEAD)
family. Besides the canonical Hippo pathway, investigators
have recently uncovered that YAP is regulated by different
types of mechanical stimuli including physical stretching
(Benham-Pyle et al., 2015), ECM topography (Aragona et al.,
2013), and stiffness (Dupont et al., 2011) via Hippo-independent
mechanisms. Here, we used confocal microscopy to visualize
and quantify YAP localization in SKOV-3 cells grown on
hydrogels of differing stiffness. The results showed that the
levels of nuclear localization were positively correlated with
the stiffness of the hydrogel substrates. Our data agree with
similar findings from other studies linking YAP nuclear
localization to greater proliferation on stiffer substrates. In
the literature, cells cultured on rigid substrates showed high
nuclear localization and elevated transcriptional activities of
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YAP, whereas, in cells that were gown on softer substrates,
YAP translocated to the cytoplasm and was inactivated (Zhao
et al, 2012; Totaro et al, 2017). Studies suggest that the
inhibition of YAP interaction with its transcriptional partners
is a potential strategy for cancer therapy. Verteporfin (VP),
used clinically for the treatment of macular degeneration,
has been proven to inhibit the interaction between YAP and
TEAD and has shown potential as an anticancer treatment.

Liu-Chittenden et al. (2012) showed that VP could disrupt
the TEAD-YAP association and inhibit YAP-induced liver
overgrowth. It was also observed that VP could effectively
reduce proliferation and inhibit the growth of OCCs in vivo
and in vitro (Feng et al., 2016). Our findings combined with
those of the previously mentioned studies indicate that targeting
YAP signaling may be a promising therapy strategy against
stiffness-induced proliferation.
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AFM-based nanomechanical studies have revealed that
cellular mechanical properties are closely related to certain
disease states. Many studies have reported that cancer cells
are physically softer than normal cells (Lekka, 2016; Alibert
et al,, 2017) and metastatic cancer cells are more mechanically
compliant than their non-metastatic counterparts (Li et al,
2008; Xu et al., 2012; Park, 2016). Recent AFM experiments
investigating the mechanical properties of chemo-sensitive
and resistant cancer cells have contributed to unraveling the
multifaceted nature of chemotherapeutic resistance. Sharma et al.
(2014) demonstrated that cisplatin-resistant OCCs (OVCARS5-
CisR and SKOV3-CisR) were much stiffer than their cisplatin-
sensitive counterparts (OVCAR5 and SKOV-3, respectively).
Moreover, their results indicated that cisplatin resistance
correlates with the dynamic reorganization of actin filaments
and nano-mechanical compliance (Sharma et al.,, 2014). Studies
have shown that paclitaxel and cisplatin induce an increase
in the stiffness of cancer cells (Ren et al., 2015). In addition,
cisplatin-sensitive OCCs (A2780) showed a dose-dependent
increase in cell stiffness after cisplatin treatment, while resistant
cells (A7890cis) were unaffected. However, one study showed
that cisplatin- and paclitaxel-resistant OCCs were softer than
drug-sensitive cells (Kapoor et al, 2018). Seo et al. (2015)
found that there was a bimodal distribution in the histogram
of mechanical stiffness. This bimodal distribution implies the
existence of two different subpopulations. The peak of the
lower stiffness almost overlapped with the average mechanical
stiffness of sensitive cells. All these findings demonstrated that
cellular nano-mechanical studies help to reveal how cancer cells
acquire drug resistance. However, most of these experiments
were performed on plastic Petri dishes, whose mechanical
properties are very different from those of natural tissues.
The elastic properties of cells are mainly affected by their
intracellular actin cytoskeleton. Cytoskeletal reorganization is
responsible for changes in cellular elastic modulus. In addition,
microtubules and intermediate filaments such as vimentin and
keratin play crucial roles in the elastic properties of cells

(Wuetal, 1998; Beil et al., 2003). Our study demonstrated
that the organization and expression of various cytoskeleton
components, including F-actin, microtubulin, and vimentin,
varied with changes in substrate stiffness. Our results showed that
OCCs grown on softer substrates with a lower elastic modulus
and were less sensitive to chemotherapeutic agents. The literature
regarding the response to mechanical changes of cancer cells and
their normal counterparts to different gel substrate stiffnesses
reported that cancer cells were less susceptible to changes in
substrate when substrate stiffness was increased compared to
their normal counterparts. Our study, combined with those
previously mentioned, indicates that research into the effect of
different substrate stiffness on the mechanical properties of drug-
sensitive and drug-resistant cancer cells is of great significance
in understanding the underlying mechanisms of chemoresistance
from a nanomechanical perspective.

The EMT is a process by which epithelial cancer cells lose
cell-cell adhesion, apical-basal polarity, and acquire a spindle-like
morphology. Epithelial markers such as E-cadherin, cytokeratins,
and occludin are downregulated. Meanwhile, mesenchymal
markers such as N-cadherin and vimentin are upregulated
(Thompson et al., 2005; Taube et al, 2010). EMT can be
activated not only by a variety of signaling pathways such as
TGEF-B, EGE, miRNA, AKT, and PI3K but also by changes in
ECM stiffness and endogenous mechanical stress (De Craene
and Berx, 2013). It has been previously demonstrated that
substrate stiffness can promote EMT in multiple cancer cell
lines (Schrader et al., 2011; Rice et al., 2017). The stiffness
of metastatic microenvironments is significantly lower than
that of the primary tumor tissue. In this study, we utilized
polyacrylamide hydrogels with elastic properties that mimic
tumor tissue and tissues commonly metastasized by OCCs
to investigate the role of ECM stiffness in promoting OCC
malignancy. We have demonstrated that changes in cellular
morphology and the expression of a variety of molecules were
all indicative of EMT following culture on gels of lower rigidity.
The cellular morphology changed to a spindle-like shape, while
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epithelial markers including E-cadherin and P-catenin were
downregulated, and mesenchymal markers such as vimentin were
upregulated in softer environments. Our findings suggest that
a reduction in the stiffness of the cancer cell niche, as would
be encountered by disseminated or metastatic OCCs, would be
sufficient to promote EMT.

In the context of cancer, the EMT mechanism is crucial for
cancer initiation and metastasis. Growing evidence demonstrates
that apart from contributing to cancer progression, EMT can
promote chemotherapy resistance in OCCs. The epithelial
marker E-cadherin is downregulated and the mesenchymal
marker vimentin is upregulated in paclitaxel-resistant epithelial
OCCs (NOS-PR, TAOV-PR, and SKOV-3) (Kajiyama et al,
2007). It was demonstrated that an increase in the expression
of miR-181a-induced EMT in OCCs mediated resistance to
paclitaxel-based therapies (Li et al,, 2016). Twistl is a highly
evolutionally conserved basic Helix-Loop-Helix transcriptional
factor (bHLH). Many studies have highlighted the role of in
promoting cancer cell EMT (Watanabe et al., 2004; Yang et al.,
2004). A study showed that miR-186 regulation of Twistl
can be seen as a promising strategy to sensitize OCCs that
have undergone EMT and chemotherapy-induced resistance
(Zhu et al., 2016). Recent studies have demonstrated that
cancer cells acquire chemoresistance based on the substrate
stiffness-induced EMT. Rice et al. (2017) demonstrated that
substrate stiffness induced EMT and promoted chemoresistance
in pancreatic cancer cells. Our results suggest that a stiff
environment promotes epithelial phenotypes in OCCs, whereas
low stiffness induces mesenchymal phenotypes. We further
investigated whether EMT affected OCC susceptibility
to chemotherapy. We found that the chemosensitivity of
SKOV-3 cells to cisplatin and paclitaxel decreased as the
substrate softened. Our findings highlighted that substrate
stiffness plays an important role in EMT and subsequent
chemotherapeutic resistance.

There are a variety of EMT-driven mechanisms that lead to
the acquisition of chemoresistance such as lower drug uptake,
higher drug efflux, higher DNA repair capacity, and decreased
apoptosis (Loret et al., 2019). In our study, the results of mRNA
microarray analysis showed that platinum drug-resistance genes
including ERBB2, BCL-2, MAP3K5, PIK3R1, and BIRC3 are
significantly upregulated in SKOV-3 cells on soft substrates.
Avian erythroblastosis oncogene B2 (ERBB2) also known as
human epidermal growth factor receptor 1 (HER?2) signaling is
highly correlated with cisplatin-resistance in OCCs and tumors
(Harris et al., 2019). BCL-2, anti-apototic protein, can block
p53-mediated apoptosis (Kassim et al., 1999; Dai et al., 2017)
and involve in AKT-regulated cell survival in cisplatin resistant
EOC (Dai et al,, 2017). It is a potential predictor of cisplatin-
resistance in EOC. ABC transporters exclude drugs from the
cytoplasm and move them to the extracellular environment
using the energy provided by ATP hydrolysis. EMT transcription
factors can induce the expression of ABC transporters. ABCB1
(MDR1), encoding p-glycoprotein (PgP) is the most studied
ABC transporter and the first to be identified to selectively
confer MDR by directly pumping out anticancer drugs, including
paclitaxel, doxorubicin, topotecan, docetaxel (Juliano and Ling,

1976; Bourhis et al., 1989; Veneroni et al., 1994). Recent studies
indicate that expression of ABCBI is a useful predictor of
paclitaxel resistant for patients with ovarian cancer (Kamazawa
et al., 2002; Haque et al., 2020). ABCB1 was expressed at higher
levels in more mesenchymal and therapy-resistant OCC lines,
than in more epithelial and chemo-sensitive cell lines (Feng et al.,
2017; Zhang et al., 2018). Furthermore, ABCB4 (MDR3) is also
linked with chemotherapy resistance and is increased in recurrent
ovarian cancers (Duan et al., 2004). Paclitaxel-resistant cell
lines overexpress both ABCB1 and ABCB4 (Januchowski et al.,
2014). Correlation analyses showed a high correlation between
MDR3 expression and resistance to paclitaxel and doxorubicin
in vitro. Our data showed that cells cultured on softer gels
expressed more ABCB1 and ABCB4, which coincidentally were
more mesenchymal and therapy-resistant. These results suggest
that EMT promotes chemoresistance in SKOV-3 cells on soft
substrates via the upregulation of ABCB1 and ABCBA4.

CONCLUSION

In conclusion, our study showed that increasing substrate
stiffiness promotes the proliferation of SKOV-3 cells and the
nuclear localization of YAP. Conversely, a soft environment (as
might be encountered by disseminated or metastatic OCCs)
induces EMT and chemoresistance. Chemoresistance in SKOV-
3 cells on softer substrates was due to the upregulation of
platinum drug-resistant genes, ABCB1, and ABCB4. These
findings provide new therapeutic targets for future anti-
cancer drug designs.
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