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ABSTRACT Phenotypic plasticity is posed to be a vital trait of cancer cells such as circulating tumor cells, allowing them to
undergo reversible or irreversible switching between phenotypic states important for tumorigenesis and metastasis. While irre-
versible phenotypic switching can be detected by studying the genome, reversible phenotypic switching is often difficult to
examine due to its dynamic nature and the lack of knowledge about its contributing factors. In this study, we demonstrate
that culturing cells in different physical environments, stiff, soft, or suspension, induced a phenotypic switch in prostate cancer
cells via mechanotransduction. The mechanosensitive phenotypic switching in prostate cancer cells was sustainable yet revers-
ible even after long-term culture, demonstrating the impact of mechanical signals on prostate cancer cell phenotypes. Impor-
tantly, such a mechanotransduction-mediated phenotypic switch in prostate cancer cells was accompanied by decreased
sensitivity of the cells to paclitaxel, suggesting a role of mechanotransduction in the evolution of drug resistance. Multiple
signaling pathways such as p38MAPK, ERK, and Wnt were found to be involved in the mechanotransduction-induced pheno-
typic switching of prostate cancer cells. Given that cancer cells experience different physical environments during disease pro-
gression, this study provides useful information about the important role of mechanotransduction in cancer, and how circulating
tumor cells may be capable of continuously changing their phenotypes throughout the disease process.
INTRODUCTION
The ability of cancer cells to undergo phenotypic switching
as result of inherent plasticity at the gene expression, meta-
bolic, and mechanical level/s has been associated with their
resistance to cancer drugs and eventual therapy failure.
Phenotypic switching of cancer cells occurs at various
stages of the disease, can be irreversible or reversible, and
may result from multiple factors ranging from genetic to
epigenetic and environmental influences (1). While irrevers-
ible changes to cancer cell phenotypes are passed down to
progeny cells and can be detected by molecular techniques
such as sequencing, reversible phenotypic changes of cancer
cells are difficult to study due to their dynamic nature.
Reversible phenotypic switching in cancer has been associ-
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ated with cancer cells with stem cell-like properties and in
support of this view, a 2010 study has demonstrated that
melanoma cells capable of reversibly expressing JARID1B
are more capable of sustaining tumor growth compared
with those do not (2). Phenotypic plasticity of cancer cells
is also found within a large percentage of tumor population
instead of being limited to a small subpopulation of rare,
stem cell-like cells. Using xenograft transplantation experi-
ments, a significant percentage of single melanoma cells
isolated from patient tumors is found capable of forming tu-
mors with unlimited tumorigenic capability (3). Regardless
of the initial phenotype of the subpopulation used to form a
xenograft tumor, tumor heterogeneity was reestablished at
high frequencies, suggesting that phenotypic plasticity can
be a general property of tumor cell population (3).

In addition to tumorigenesis, reversible phenotypic plas-
ticity plays an important role in metastasis. During the
epithelial-mesenchymal transition (EMT), cancer cells tran-
sition from an epithelial to a mesenchymal phenotype,
which is associated with invasion, motility, and stem
cell-like properties (4). However, the ability to undergo
the reverse process of mesenchymal-epithelial transition
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Mechanosensitive Phenotypic Switching
(MET) by cancer cells is also key in determining whether
metastasis to a secondary site can succeed. Cancer cells un-
able to revert to the epithelial phenotype (loss of plasticity)
are less likely to form metastatic lesions (5,6). Analysis of
circulating tumor cells (CTCs) from metastatic breast can-
cer patients and castration-resistant prostate cancer patients
also show that CTCs express both epithelial and mesen-
chymal markers, supporting an association of phenotypic
plasticity of CTCs with their metastatic potential (7).
Further supporting this view is evidence from clinical spec-
imens demonstrating that metastatic lesions in prostate can-
cer patients reexpress E-cadherin (E-cad), despite loss of
E-cad expression in primary tumor, suggesting that CTCs
undergo MET and revert their phenotype upon successfully
colonizing a distal metastatic site (8). While progress has
been made in understanding phenotypic reversibility and
its clinical relevance in cancer, the factors contributing
to reversible phenotypic switching in CTCs remain unclear.
Furthermore, characterization of reversible phenotypic
switching, such as identifying target genes that possess a
reversible expression profile, needs to be examined in detail.
Moreover, little is known about how reversible phenotypic
switching occurs within the general tumor cell population.

There is increasing evidence that mechanical signals from
the local cell microenvironment can influence cellular
phenotypes via mechanotransduction. CTCs, in particular,
experience a drastic change in their physical environment
as they invade from a tumor microenvironment before
extravasating into the circulatory system. In this study, we
sought to examine the phenotypic switch prostate cancer
cells undergo (by performing gene and functional analysis)
when grown in different physical environments by utilizing
multiple culture platforms that provide a rigid or soft
attached environment and suspension growth (as experi-
enced by CTCs). We focused our study on the effect of
mechanotransduction on prostate cancer, as prostate cancer
cell biology is not as well understood as breast cancer. We
demonstrated the reversibility of mechanotransduction-
induced reversible phenotypic switching in prostate cancer
cells and showed how this phenotypic switch involved acti-
vation of multiple signaling pathways important in gene
regulation. Importantly, mechanoregulation of phenotypic
switching in prostate cancer cells was associated with
decreased sensitivity to paclitaxel. This decreased sensi-
tivity of prostate cancer cells to paclitaxel was also revers-
ible, supporting a functional role of mechanotransduction
in regulating development of drug resistance in CTCs.
MATERIALS AND METHODS

Cell culture

PC3 and DU145 cell lines were purchased from American Type Culture

Collection (ATCC, Manassas, VA). Cells were grown in 1� RPMI 1640

medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine

serum and 50 mg mL�1 penicillin/streptomycin (Invitrogen) and incubated
at 37�C and 5% CO2. Growth media was changed every 2 days and cells

were subcultured at a ratio of 1:6 every 4 days. Media conditions for culture

under different substrate rigidities were the same.
Fabrication of poly(dimethylsiloxane) micropost
array

Fabrication of the poly(dimethylsiloxane) (PDMS) micropost array (PMA)

system was performed as reported in Fu et al. (9). By keeping the ratio of

cross linker to PDMS monomer constant at 1:10, the bulk Young’s modulus

of PDMS could be kept constant, thus allowing different PMA substrates

of varying effective Young’s moduli to be generated by only altering the

micropost height. Stiff culture conditions included tissue culture plate

(TCP) dishes (with a Young’s modulus E of 2 � 106 kPa), a flat PDMS sur-

face (with a Young’s modulus E of 1.3� 103 kPa), and a 0.7 mm high PMA

(with effective Young’s modulus of 1.2 � 103 kPa) (9). Soft cell culture

conditions included a 14.5 mm high PMA (with effective Young’s modulus

of ~1 kPa) and suspension growth in liquid medium. To promote cell adhe-

sion to PDMS, flat PDMS surfaces and PMAs were first treated with UV

ozone before coated with collagen I (BD Biosciences, San Jose, CA) at a

concentration of 50 mg cm�2 using microcontact printing (9). To ensure

that phenotypic switch was not due to the presence of collagen, all TCP

dishes were coated with collagen I (50 mg cm�2; BD Biosciences) as

well before cell seeding.
Suspension growth

Suspension growth was achieved as described in Aw Yong et al. (10). In

brief, 100 mm TCP dishes were first coated with 0.8 mg cm�2 polyhy-

droxyethylmethylacrylate (PHEMA; Sigma-Aldrich, St. Louis, MO) dis-

solved in ethanol. PHEMA-coated TCP dishes were dried in a 60�C
oven before being stored at room temperature. Before seeding cells,

TCP dishes were rinsed twice with 1� phosphate-buffered saline (PBS).

Cells were seeded onto TCP dishes at a concentration of 0.4 � 106

cells mL�1 and incubated at 37�C and 5% CO2. For long-term culture

of PC3 cells in suspension, cells were subcultured every 4 days at a 1:6

ratio by first pelleting the suspension culture by centrifugation at

300 � g. The supernatant was removed by aspiration and the cell pellet

was resuspended in fresh medium before being subcultured onto a fresh

PHEMA-coated TCP dish.
Quantitative real-time PCR

Total cell RNAwas isolated using RNeasy (Qiagen, Hilden, Germany), and

complementary DNA (cDNA) was synthesized using the iScript cDNA

Synthesis Kit (Bio-Rad, Hercules, CA) using 1 mg of total RNA. Primer

sequences used for quantitative real-time PCR (qRT-PCR) are as described.

AGR2 forward: 50-TTGTGGCCCTCTCCTACACT-30; AGR2 reverse:

50-AGTTGGTCACCCCAACCTCT-30; ALDH3A1 forward: 50-AACTAC
CCCTTCAACCTCACCAT-30; ALDH3A1 reverse: 50-TTACTGGGTA
CAGATCCTTGTCC-30; E-cad forward: 50-TCTTCAATCCCACCACGT
ACA-30; E-cad reverse: 50-TGCCATCGTTGTTCACTGGA-30; N-cadherin
(N-cad) forward: 50-ATCAACCCCATACACCAGCC-30; N-cad reverse:

50-GTCGATTGGTTTGACCACGG-30; GDF15 forward: 50-TCAAGG
TCGTGGGACGTGACA-30; GDF15 reverse: 50-GCCGTGCGGACGAAG
ATTCT-30; Reference gene TBP forward: 50-GAATATAATCCCAAG
CGGTTTG-30; TBP reverse: 50-ACTTCACATCACAGCTCCCC-30; fibro-
nectin (FN1) forward: 50-AACAAGCATGTCTCTCTGCCAA-30; FN1

reverse: 50-AGAAAACCCTCAGGAAACTCCC-30; S100A4 forward:

50-CACACGCTGTTGCTATAGTACG-30; S100A4 reverse: 50-TCTGT
CCTTTTCCCCAAGAAGC-30; mucin (MUC-1) forward: 50-CATTTC
ACCACCACCATG-30; MUC-1 reverse: 50-GAGACCCCAGTAGACA
AA-30; vimentin 1 (VIM) forward: 50-GGACCAGCTAACCAACGA-30;
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VIM reverse: 50-ACGCATTGTCAACATCCT -30; desmoplakin (DSP)

forward: 50- GCAGAAGGAAGAGGATAC -30; DSP reverse: 50- TGAG

ATTCTCTGTGGTCT -30; cytokeratin 18 (KRT18) forward: 50- TCTCAG
CAGATTGAGGAG -30; and KRT18 reverse: 50- AAGCTGGCCTTCA

GATTT-30. Working concentration of primers was 500 nM and 10 ng of

cDNA template was used for qRT-PCR. Fold change in gene expression

was calculated using the 2�DDCT method using TBP as the reference gene.
Immunoblot

Cells grown on adherent substrates (TCP dish, or Dish; flat PDMS surface,

or PMA-flat; 0.7 mm high PMA, or PMA-0.7; and 14.5 mm high PMA, or

PMA-14.5) were washed twice with ice-cold 1� PBS to remove floating

cells before harvesting cell lysate. Cell lysates were prepared by scraping

the cells off the substrates using RIPA lysis buffer (Thermo Fisher Scienti-

fic, Waltham, MA) supplemented with 1� HALT protease and phosphatase

inhibitors (Thermo Fisher Scientific) and further sonicated to improve pro-

tein yield. Cell lysates were mixed with 2� Lamelli buffer before being

subjected to electrophoresis using a 4–20% TGX polyacrylamide gel

(Bio-Rad) at 100 V. Proteins were transferred to a nitrocellulose membrane

using 1� Tris/Glycine and 20% methanol at 100 V for 1 h. Membranes

were blocked with a blocking solution (LI-COR Biosciences, Lincoln,

NE) or 1 h at room temperature before adding primary antibody for over-

night at 4�C. Working concentrations of primary antibodies are 1:1000

for AGR2 (Sigma-Aldrich), 1:1000 for ALDH3A1 (Millipore, Billerica,

MA), 1:500 for GDF15 (Sigma-Aldrich), 1:100 for E-cad (BioLegend,

San Diego, CA), and 1:100 for N-cad (BioLegend). Lamin A/C (Sigma-Al-

drich) was used as a loading control at a 1:2000 working concentration.

Membranes were washed with wash buffer (1� PBS/0.1% Tween-20) for

5 min for five times before adding fluorescent secondary antibody (LI-

COR Biosciences) at a 1:10,000 dilution and incubated for 1 h at room tem-

perature. Membranes were washed with wash buffer for 5 min, five times,

before a final rinse with 1� PBS. Membranes were subsequently scanned

using the Odyssey system (LI-COR Biosciences).
Image analysis

Cells grown on adherent substrates (Dish, PMA-flat, PMA-0.7, and PMA-

14.5) were washed twice with ice-cold 1� PBS to remove floating cells

before imaging using an AxioObserver (Carl Zeiss, Oberkochen, Germany).

Cell shape analysis was performed using the software ImageJ (National In-

stitutes of Health, Bethesda,MD) tomeasure cell circularity and spread area.
Flow cytometry

Cells grown both on TCP dish and in suspension were first trypsinized and

resuspended in growth medium before washing twice with ice-cold BD

Pharmingen Stain Buffer (BD Biosciences). Cells were pelleted by centri-

fugation at 300 � g for 5 min and resuspended in BD Pharmingen Stain

Buffer to a final concentration of 2 � 106 cells mL�1. E-cad-FITC and

N-cad-FITC antibodies were diluted 1:100 and used for cell staining at

4�C for 20 min. After staining, cells were washed twice with ice-cold BD

Pharmingen Stain Buffer and analyzed by flow cytometry (Attune; Thermo

Fisher Scientific). To quantify differences in fluorescence intensities be-

tween cells grown on TCP dish and in suspension, the ratio of the median

fluorescence intensity (MFI) between stained cells and negative controls

was first calculated. The ratio between various growth conditions (TCP

dish versus suspension) was then determined.
WST-1 assay

Cells were seeded into a 96-well plate coated with or without PHEMA

(Sigma-Aldrich) at a density of 5 � 103 cells per well and incubated at
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37�C and 5% CO2 for 24 h. Paclitaxel (Sigma-Aldrich) was added to wells

starting from a concentration of 1 nM and increased in a twofold manner.

Cells were exposed to paclitaxel for 48 h before adding WST-1 reagent

(Roche Holding, Basel, Switzerland) and further incubated at 37�C and

5% CO2 for 3 h. Absorbance readings were obtained using a plate reader

(BioTek Instruments, Winooski, VT) at 480 nm with a wavelength correc-

tion at 650 nm. All absorbance readings were further corrected using blank

readings, before IC-50 curves were calculated using nonlinear regression

(GraphPad; GraphPad Software, https://www.graphpad.com/).
Trypan blue exclusion assay

Cells were first allowed to grow on TCP dishes or in suspension for 24 h

before being exposed to 25 nM paclitaxel or vehicle for an additional

48 h. Cells were harvested and resuspended in 1 mL ice cold 1� PBS.

A quantity of 50 mL of resuspended cells was mixed with an equal volume

of trypan blue, and viable cells were counted using an automated cell

counter (Logos Biosystems, Seoul, South Korea). Viability of paclitaxel-

treated cells was calculated as a percentage of viable cells compared with

vehicle-treated cells.
Signaling pathway inhibitors

Inhibitors were prepared as stock solution dissolved in DMSO (Sigma-

Aldrich) as described by the manufacturers. Working concentration of

p38MAPK inhibitors was 1 mM for both SB203580 and SB220025 (Enzo

Life Sciences, Farmingdale, NY). A quantity of 10 mM PD98059 (Cell

Signaling Technology, Danvers, MA) was used for inhibiting ERK

signaling, while 10 mM CHIR99021 (Sigma-Aldrich) was used for inhibit-

ing GSKb as a mechanism of activating b-catenin. A quantity of 15 mM

FH535 (EMD-Millipore/Merck, Darmstadt, Germany) was used for b-cat-

enin inhibition. Before treatment with inhibitors, cells were allowed to grow

in suspension for 24 h before exposed to inhibitors for an additional 48 h.
RESULTS

Mechanotransduction-induced phenotypic
switching characterized by changes in gene
expression and cell morphology

To study the role of mechanotransduction in phenotypic
switching of prostate cancer cells, we utilized various cul-
ture methods to provide three physical growth conditions.
Rigid or soft conditions were provided using tissue culture
plastic and the micromolded PMA system, while suspension
culture was achieved by growing cells on PHEMA-coated
TCP dishes. In particular, the PMA has a uniform surface
geometry and different post heights, thus allowing mod-
ulation of substrate rigidity independently of effects on
adhesion and other material surface properties (9). An
alternative strategy for modulating substrate stiffness can
involve altering stromal stiffness by changing stromal pro-
tein concentration (11). However, altering stromal protein
concentration would impact not only bulk substrate me-
chanics but also molecular-scale material properties includ-
ing porosity and binding properties of adhesive ligands (12).
We further used a TCP dish and flat PDMS surface as addi-
tional rigid surfaces for cell culture. Effective Young’s
moduli E of adherent culture conditions used in this work

https://www.graphpad.com/


Mechanosensitive Phenotypic Switching
thus span a broad range (TCP (Dish), E ¼ 2 � 106 kPa; flat
PDMS (PMA-flat), E ¼ 1.3 � 103 kPa; PMA with a post
height of 0.7 mm (PMA-0.7), E ¼ 1.2 � 103 kPa; PMA
with a post height of 14.5 mm (PMA-14.5), E ¼ 1.0 kPa).
While suspension culture was different from growth on tis-
sue culture plastic and PMA, some minimal physical contact
between cells and PHEMA-coated surfaces may still occur.
We assumed the effective Young’s moduli E for suspension
culture (Susp) as <1 kPa, because the cells would remain
rounded and barely spread out.

As plasticity of E-cad expression has been associated
with a more invasive prostate cancer phenotype (13), we
first examined expression of E-cad and N-cad in prostate
carcinoma cell lines PC3 and DU145 grown in different
culture conditions for 72 h. For PC3 cells, E-cad
mRNA expression level increased while N-cad expression
decreased under soft and suspension culture conditions
(PMA-14.5 and Susp), suggesting phenotypic switch such
as MET for prostate cancer cells (Fig. 1 a). Further gene
expression analysis of epithelial markers KRT18, MUC-1,
and DSP in PC3 cells demonstrated increased expression
under PMA-14.5 and Susp conditions (Fig. S1 in the Sup-
porting Material), further supporting the likelihood of
ongoing MET under soft or suspension culture environ-
ment. However, gene expression analysis of mesenchymal
FIGURE 1 Mechanotransduction-induced phenotypic transition in PC3 cells

expression for PC3 cells cultured under different conditions as indicated for 72

and PDMS micropost array (PMA) with a post height of 0.7 mm (PMA-0.7). So

14.5) and suspension (Susp) culture. (b) Immunoblot assays of N-cad, AGR2, A

ditions as indicated for 72 h. E-cad was undetectable by immunoblot. (c). Paclita

curve (measured by WST-1) against concentrations of paclitaxel. PC3 cells cultu

tively. (d). Trypan blue exclusion assays to determine viability of PC3 cells grow

paclitaxel for 48 h. Vehicle controls (�) were included for comparison. Data repr

t-test. *p < 0.05.
markers such as VIM-1, FN1, and S100A4 (also known
as fibroblast-specific protein 1) demonstrated increased
expression under soft PMA-14.5 and Susp conditions as
well (Fig. S1). These observations suggested that pheno-
typic switching observed in PC3 cells induced by soft
growth conditions was not aligned to a specific canonical
MET program, but might involve different signaling path-
ways simultaneously driving phenotypic changes.

To further examine molecular phenotypic changes
induced by soft culture conditions, we assayed several addi-
tional markers clinically associated with metastatic prostate
cancer differentiation and/or stem cell-like properties such
as anterior gradient-2 (AGR2), aldehyde dehydrogenase
3A1 (ALDH3A1), and growth differentiation factor 15
(GDF15) (14–16). Both mRNA and protein expression
levels of AGR2, ALDH3A1, and GDF15 increased under
PMA-14.5 and Susp conditions (Fig. 1, a and b), with high-
est expression in suspension culture, further supporting that
mechanotransduction likely activated different phenotypic
switching programs in addition to EMT and MET. A similar
mechanosensitive response in gene expression to rigid, soft,
and suspension culture conditions was observed in DU145
cells (Fig. S2). Given that cells grown on PMA-14.5 shared
a similar gene expression profile with those in suspension
culture despite the difference between the two growth
. (a) qRT-PCR analysis of E-cad, N-cad, AGR2, ALDH3A1, and GDF15

h. Rigid adherent substrates included TCP (Dish), flat PDMS (PMA-flat),

ft culture conditions included PMAwith a post height of 14.5 mm (PMA-

LDH3A1, GDF15, and lamin A/C in PC3 cells grown under different con-

xel IC-50 value determined by nonlinear regression analysis of cell viability

red on TCP dish and in suspension had IC-50 values of 5 and 24 nM, respec-

n on TCP dish (275 4%) or in suspension (44 5 3%) treated with 25 nM

esents the mean5 SE with n¼ 3. P-values were calculated using Student’s
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conditions, we decided to further study the mechanotrans-
ductive phenotypic switch in prostate cancer cells under sus-
pension culture as that may be relevant to CTC biology.

Changes in gene expression profiles in PC3 and DU145
were further accompanied by observable changes in cell
morphology for both cell types. Specifically, PC3 cells
possessed a larger cell spread area on rigid adherent surfaces
(Dish, PMA-flat, and PMA-0.7) but adopted a smaller and
rounded morphology on a soft PMA-14.5 surface or in a sus-
pension culture (Fig. 2). A similar change in cell morphology
was observed for DU145 cells, although DU145 cells tended
to form spheroids on a compliant PMA-14.5 surface as well
as in a suspension culture (Fig. S2).
Mechanotransduction-induced phenotypic
switch is associated with sensitivity to paclitaxel

Recent studies have shown phenotypic switching programs
such as EMT to be one of the cellular mechanisms
crucial for conferring resistance to cancer therapies
(17,18). Because prostate cancer cells grown in suspension
demonstrated the highest degree of phenotypic change (as
indicated by gene expression) compared with TCP dish, we
next examined whether the mechanosensitive phenotypic
switching induced by suspension culture might be associated
with differential response of prostate cancer cells to pacli-
taxel treatment. PC3 cells grown in suspension for 24 h
before exposed to paclitaxel for an additional 48 h showed
a decreased sensitivity to paclitaxel (IC-50 value of 24 nM)
compared with the cells grown on a TCP dish (IC-50 value
of 5 nM) (Fig. 1 c). Trypan blue exclusion assayswere further
conducted to measure cell viability after exposure of
PC3 cells to 25 nM paclitaxel. PC3 cells grown in suspension
for 24 h before being exposed to 25 nM paclitaxel for an
additional 48 h had a survival rate (viability) of 44.90 5
3.52%, significantly greater than the 27.04 5 4.45% sur-
vival rate of PC3 cells grown on TCP dishes (Fig. 1 d).
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Mechanotransduction-induced phenotypic
switch occurs throughout the cell population

To investigate whether the mechanosensitive phenotypic
switch observed in prostate cancer cells occurred throughout
the entire cell population or was the result of selecting for
subpopulations of cells with distinct E-cad or N-cad expres-
sion, PC3 cells cultured in suspension or on TCP dishes
were stained with fluorescently labeled anti-E-cad or anti-
N-cad antibodies before being analyzed by flow cytometry
(Fig. S3). PC3 cells cultured in suspension had ~1.5-fold
higher E-cad expression compared with TCP dish condition,
as evidenced by MFI ratio calculations. Consistently, PC3
cells grown in suspension had approximately twofold lower
N-cad MFI ratio compared with the TCP dish (Fig. S3).
Importantly, changes in E-cad and N-cad expression
occurred throughout the entire PC3 cell population as seen
by a shift of the entire flow cytometry fluorescence intensity
histograms, rather than appearance of distinct cell subpopu-
lations with increased E-cad and decreased N-cad expres-
sion (Fig. S3).
Mechanotransduction-induced phenotypic
switch is reversible

Next, we examined whether a mechanotransduction-induced
phenotypic switch in prostate cancer cells was reversible. To
this end, PC3 cells grown in suspension for 72 h were seeded
back onto TCP dishes and allowed to reattach for an addi-
tional 72 h. After 72 h suspension culture, PC3 cells still
retained the ability to reattach to TCP dishes with cell
morphology comparable with cells directly grown on TCP
dishes (Fig. 3 a). In addition, mRNA expression levels of
E-cad, N-cad, AGR2, ALDH3A1, and GDF15 in PC3 cells
cultured for 72 h in suspension reversed once the cells were
allowed to reattach to TCP dishes (Fig. 3 c). Similar observa-
tions were made at the protein levels for N-cad, AGR2,
FIGURE 2 Effect of mechanotransduction on

PC3 cell morphology. (a) Phase images of PC3

cells grown under different conditions as indicated.

(b) Cell morphology parameters such as cell area

and circularity as a function of culture conditions

as indicated. Scale bar, 100 mm. Data represents

the mean � SE with n ¼ 50. P-values were calcu-

lated using Student’s t-test. *p < 0.05.



FIGURE 3 Mechanosensitive phenotypic transition of PC3 cells is reversible. (a) Phase images of PC3 cells grown under different conditions as indi-

cated for 72 h. After 72 h, PC3 cells in suspension were reseeded back onto the TCP dish and allowed to reattach for another 72 h (Susp / Dish; right).

Scale bar, 100 mm. (b) Decreased sensitivity to paclitaxel in suspension culture was reversible when PC3 cells in suspension were allowed to reattach to

TCP dish. Control cells were PC3 cells continuously cultured in suspension for 72 h (left). Viability was measured after an incubation with paclitaxel

(25 nM) for 48 h using trypan-blue exclusion viability assay. The Susp condition for 72 h showed a viability of 49 5 9%, while Susp 72 h / Dish

72 h had a viability of 24 5 2%. (c) qRT-PCR analysis of E-cad, N-cad, AGR2, ALDH3A1, and GDF15 expression for PC3 cells cultured under different

conditions as indicated. (d) Immunoblot assays of N-cad, AGR2, ALDH3A1, and GDF15 for PC3 cells cultured under different conditions as indicated.

E-cad was not detected by immunoblot. (e) qRT-PCR analysis of E-cad, N-cad, AGR2, ALDH3A1, and GDF15. PC3 cells were cultured in suspension for

2 weeks (Susp, 2 weeks) before being allowed to reattach to TCP dish for 72 h (Susp, 2 weeks / Dish). (f) Decreased sensitivity to paclitaxel observed

in Susp was sustainable in long-term suspension culture and remained reversible. PC3 cells grown in suspension for 2 weeks were allowed to reattach to

TCP dish for 72 h. Control cells were PC3 cells continuously cultured in suspension for 2 weeks. Viability was measured after an incubation with pacli-

taxel (25 nM) for 48 h using a trypan-blue exclusion viability assay. Susp 2 weeks had a viability of 60 5 3%, while Susp 2 weeks / Dish 72 h had a

viability of 26 5 2%. Data represents the mean 5 SE with n ¼ 3. P-values were calculated using Student’s t-test. *p < 0.05. To see this figure in color, go

online.

Mechanosensitive Phenotypic Switching
ALDH3A1, and GDF15 in PC3 cells using immunoblots
(Fig. 3 d), supporting that mechanotransduction-induced
phenotypic switch of prostate cancer cells was reversible.

Importantly, PC3 cells cultured for 72 h in suspension
regained sensitivity to paclitaxel once the cells were al-
lowed to reattach to TCP dishes, demonstrating that the
molecular and functional phenotypes associated with the
mechanotransduction-induced phenotypic switch of pros-
tate cancer cells were both reversible (Fig. 3 b). To further
examine whether this phenotypic reversibility (thus cancer
cell plasticity) could be retained after long-term suspension
culture, PC3 cells were grown in suspension for 2 weeks
before being reseeded onto TCP dishes for 72 h. mRNA
expression levels of E-cad, N-cad, AGR2, ALDH3A1,
and GDF15 in PC3 cells cultured for 2 weeks in suspen-
sion reversed once the cells were allowed to reattach
to TCP dishes (Fig. 3 e). Consistently, the revers-
ibility of decreased sensitivity to paclitaxel for PC3 cells
cultured in suspension was retained even after 2 weeks of
culture in suspension (Fig. 3 f), underscoring the plastic
nature of prostate cancer cells and its regulation by
mechanotransduction.
Biophysical Journal 112, 1236–1245, March 28, 2017 1241
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Mechanotransduction-induced phenotypic
switch involves multiple signaling pathways

In breast cancer, mechanotransduction has been demon-
strated to play a role in regulating tumorigenesis, as well
as in enhancing initiation of the EMT program via mechano-
sensitive nuclear translocation of TWIST (19). Other
important mechanosensitive pathways including YAP and
p38MAPK have also been identified in cancer progression.
Increasing YAP expression or generating constitutively
active YAP mutants have been shown to promote tumor
growth and increase invasion, while p38MAPK signaling
in cancer cells has been shown to be sensitive to shear stress
(20–22). These examples suggest that mechanotransduction
may activate key signaling pathways to drive phenotypic
switching of cancer cells.

We specifically investigated different mechanotransduc-
tive pathways responsible for inducing the mechanosensi-
tive phenotypic switching observed in prostate cancer
cells. YAP signaling in PC3 cells grown under different
culture conditions was first analyzed by YAP phosphoryla-
tion and subcellular localization. Phosphorylation of YAP,
as well as nuclear and cytoplasmic YAP levels, was un-
changed in PC3 cells between rigid (Dish, PMA-flat, and
PMA-0.7), soft (PMA-14.5), or Susp culture conditions
(Fig. S4). Furthermore, inhibition of Smad signaling using
SB431542 did not prevent the mechanosensitive phenotypic
switch of PC3 cells (Fig. S4).

Possible involvement of other mechanotransductive
signaling pathways was also examined by treating PC3
cells in suspension with general p38MAPK signaling
pathway inhibitors SB203580 and SB220025, ERK inhibi-
tor PD98059, GSK-b inhibitor CHIR99021, and b-catenin
inhibitor FH535 (23–25). qRT-PCR analysis and immu-
noblot assays showed that inhibition of p38MAPK by
SB203580 and SB220025 was only able to rescue GDF15
overexpression, and inhibiting ERK by PD98059 was only
1242 Biophysical Journal 112, 1236–1245, March 28, 2017
able to rescue ALDH3A1 overexpression (Fig. 4). Acti-
vating b-catenin with CHIR99021 rescued AGR2 overex-
pression, while inhibiting b-catenin using FH535 had no
significant effect on AGR2 upregulation, although it further
increased GDF15 expression (Fig. 4). In addition, activation
of b-catenin signaling with CHIR99021 induced further up-
regulation of ALDH3A1 expression (Fig. 4), in agreement
with a previous study suggesting that activation of b-catenin
signaling could induce expression of ALDH3A1 (26). How-
ever, inhibiting b-catenin in PC3 cells grown in suspension
using FH535 was unable to rescue overexpression of
ALDH3A1, suggesting that ALDH3A1 upregulation by me-
chanotransduction was not due to activation of b-catenin
signaling, but, at least in part, via the ERK pathway
(Fig. 4). Neither upregulation of E-cad nor downregulation
of N-cad could be reversed with the inhibitors used
(Fig. 4 a). The unique response of each gene to different
inhibitors assayed highlights the molecular complexity
of mechanosensitive phenotypic switch in prostate cancer
cells, which likely involves simultaneous activation of
multiple signaling pathways.

Given the association of ALDH3A1 with stem cell-like
properties and thus resistance to paclitaxel, we further
examined whether inhibiting ERK using PD98059 (to sup-
press ALDH3A1 expression) would restore sensitivity of
PC3 cells to paclitaxel. However, PC3 cells in suspension
treated with ERK inhibitor PD98059 did not restore sensi-
tivity to paclitaxel treatment (Fig. S5).
DISCUSSION

In this study, we report that mechanotransduction can
induce a common, reversible phenotypic switching program
in phenotypically plastic prostate carcinoma cells PC3 and
DU145. This was achieved using three different culture con-
ditions to examine mechanosensitive phenotypic switching
FIGURE 4 Signaling activation in mechano-

transduction-induced phenotypic switch of PC3

cells. (a) qRT-PCR analysis of N-cad, E-cad,

AGR2, ALDH3A1, and GDF15 expression in

PC3 cells grown in suspension and treated with in-

hibitors of p38MAPK (SB203580 or SB220025),

ERK (PD98059), b-catenin (FH535), and GSK-b

(CHIR99021). Vehicle (DMSO) was used as con-

trol. (b) Immunoblot assays to detect AGR2,

ALDH3A1, and GDF15 protein levels in PC3 cells

grown in suspension and treated with SB203580,

SB220025, PD98059, FH535, and CHIR99021 as

indicated. Data represents the mean 5 SE with

n ¼ 3. P-values were calculated using Student’s

t-test. *p < 0.05.
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of prostate cancer cells: rigid culture surfaces (tissue culture
plastic, flat PMA, or PMA-0.7), soft culture surfaces
(PMA-14.5), and suspension growth. This mechanosensitive
phenotypic switching of prostate cancer cells at the cell
population level could be partially characterized by upregu-
lation of E-cad, AGR2, ALDH3A1, and GDF15 and down-
regulation of N-cad under soft and suspension culture
conditions (Figs. 1, a and b and 2). While soft culture
surfaces and suspension culture are different culture condi-
tions, they elicited a common phenotypic switch for prostate
cancer cells (defined by the affected genes) in this study.
However, it is likely that undiscovered phenotypic differ-
ences may exist between these two different culture condi-
tions, which is a goal of future work.

The mechanotransduction-induced phenotypic switch of
prostate cancer cells consisted of a mix of EMT, MET,
and other programs and did not appear to belong to canon-
ical METor EMT program alone (Fig. S1). This observation
suggests mechanotransduction as a probable regulatory
mechanism for CTC phenotype. Furthermore, the reversible
mechanosensitive phenotypic switch took place within 72 h
and could be maintained long term (for at least 2 weeks)
without loss of reversibility, an indication of phenotypic
plasticity of cancer cells (Fig. 3).

Our study provides new (to our knowledge) insights for
reversible phenotypic switching observed in prostate cancer.
It is known that metastatic lesions found in prostate cancer
patients are capable of reverting back to their original
epithelial phenotype, suggesting that phenotypic plasticity
of prostate cancer cells is not likely due to irreversible ge-
netic mutations (8). Based on our data, it seems probable
that mechanotransduction could play a role in reverting
CTCs back to their epithelial phenotype at the metastatic
lesions (Fig. 5). Importantly, we observed an association
between the mechanosensitive phenotypic switch of pros-
tate cancer cells with decreased sensitivity to paclitaxel
(Fig. 1, c and d), suggesting that mechanotransduction
may be involved in regulation of drug resistance to taxanes.
However, it should be noted that decreased paclitaxel sensi-
tivity for prostate cancer cells cultured in suspension was
not solely associated with EMT, as has been suggested pre-
viously for CTCs (17,18). Study of the relationship between
mechanotransduction and drug resistance in cancer cells
including CTCs will surely lead to new knowledge of the
importance of mechanotransduction within clinical cancer
settings and will be the focus of future work.

There was little phenotypic difference for prostate cancer
cells among TCP dish, PMA-flat, and PMA-0.7 conditions,
despite a 1000-fold difference in substrate rigidity. This is
probably because the effective Young’s moduli E of TCP
dish, PMA-flat, and PMA-0.7 are all >1.0 MPa, greater
than most organs in the body (except bone). To mount a
significant mechanosensitive biological response, a greater
difference in mechanical stiffness of the cell culture envi-
ronment will be needed, as was observed in compliant
PMA-14.5.

Mechanistic investigation of phenotypic switching using
pathway inhibitors suggested involvement of several different
FIGURE 5 Mechanotransduction-induced pheno-

typic changes of cancer cells at various stages of

metastasis. (1) ECM remodeling during invasion:

Mechanical signals arising from the environment

can alter cancer cell phenotype without affecting

the genotype under several possible scenarios. Exam-

ples include extracellular matrix remodeling during

invasion, which can feed back in the formofmechan-

ical signals to regulate cancer cell phenotype. (2)

Circulatory system: In the circulatory system,

CTCsexist in anenvironmentwhere they are exposed

to mechanical signals not experienced within the

local tissue (e.g., shear stress due to blood flow, the

absence of a Young’s modulus, as well as a lack of

cell attachment). (3) Distal metastasis: Colonization

in a distal metastatic site may subject cancer cells

to a different mechanical environment than the pri-

mary tumor site. Depending on local tissue stiffness

of the metastatic site, cancer cells may be induced

to revert to their original phenotype via mechano-

transduction. To see this figure in color, go online.
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pathways such as activation of p38MAPKandERKpathways
and inhibition of b-catenin activity (Fig. 4). However, YAP
signaling did not appear involved inmechanosensitive pheno-
typic switching of prostate cancer cells. TWIST, a known
driver of EMT, has been reported to undergo nuclear translo-
cation under the effect of mechanotransduction to upregulate
N-cad and downregulate E-cad (19). However, our findings of
amixed phenotypic shift consisting of both ongoingEMTand
MET did not point to a major involvement of TWIST (19).
In addition, mechanosensitive TWIST nuclear translocation
requires the addition of exogenous transforming growth
factor-b (TGF-b), another molecular driver of EMT, which
was not supplemented in our study. ALDH3A1 is a known
marker for stem cell-like properties (15), rendering it a candi-
date gene potentially contributing to decreased sensitivity to
paclitaxel. However, inhibition of ALDH3A1 in PC3 cells
using ERK inhibitors failed to restore sensitivity of PC3 cells
to paclitaxel in suspensionculture (Fig. S5). This suggests that
decreased sensitivity of PC cells to paclitaxel in suspension is
not likely due to ALDH3A1 upregulation, and further implies
involvement of multiple pathways. Furthermore, changes in
E-cad and N-cad expression in PC3 cells cultured in suspen-
sion could not be restored using the inhibitors tested in this
study (Fig. 4). Thus, a future multifocal approach to simulta-
neously interrogate different pathways is necessary to discern
the exact molecular mechanisms and their complex cross talk
and feedback regulation underlying the mechanosensitive
phenotypic switch of prostate cancer cells (27).

The novel (to our knowledge) mechanosensitive and plas-
tic nature of AGR2, ALDH3A1, and GDF15 expression
in prostate cancer cells reported in this study implies that
cancer cells are able to alter expression of these genes de-
pending on mechanical signals from their local culture envi-
ronment. This further implies that CTCs may undergo a
mechanosensitive phenotypic switch as a result of entering
the circulation, which confers additional survival advan-
tages subsequently. Based on our data as well as the known
functions of these genes, such advantages may include
decreased sensitivity to the chemotherapeutic drug pacli-
taxel, increased aggressiveness of the cancer (AGR2), and
the ability of cancer cells to modulate immune response
(GDF15) and to adopt stem cell-like properties (ALDH3A1)
(14–16,26) (Fig. 5). Thus, the potential mechanosensitive
properties of these genes would make them suitable as
markers of CTCs in prostate cancer. Indeed, elevated levels
of AGR2 and GDF15 have both been clinically associated
with CTCs (14,28), and this association can be explained
by this study showing that CTCs may be capable of up-
regulating these genes via mechanotransduction.

It is clear that cancer cells are phenotypically plastic and
that mechanotransduction plays a contributing role in deter-
mining the phenotype adopted by cancer cells in addition to
established genetic, epigenetic, and biochemical perturba-
tions. The mechanosensitive behavior of the genes identified
in this study support their prognostic or therapeutic utility in
1244 Biophysical Journal 112, 1236–1245, March 28, 2017
prostate cancer and the characterization of such a mechano-
sensitive phenotypic switch of prostate cancer cells will be
of use for future studies of the mechanobiology of prostate
cancer and CTC biology.
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