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ABSTRACT: The microenvironment of tumors shows high
variability in stiffness compared to normal tissues, suggesting
that spatiotemporal changes in mechanics play a role in
development and progression. Here, we employ microengineered
hydrogels with static, dynamic (magnetic field-mediated stiffening
and softening), or gradient matrix elasticity to investigate the
influence of matrix mechanics in modulating the stem cell-like
phenotype in melanoma and breast cancer cells. Using
immunofluorescence staining of molecular markers associated
with a cancer stem cell (CSC) state, we show that a subtle increase
in local stiffness promotes the CSC phenotype, while different
mechanical properties in static or dynamic hydrogelswithout
gradient profiles of mechanical propertieshave a negligible
influence on phenotype switching toward a CSC state. Inhibition of integrins and downstream effectors of mechanotransduction
reveals that distinct signaling pathways play a role in regulating the dynamic CSC state in melanoma and breast cancer cells. Our
findings demonstrate how cancer cells respond to the local stiffness gradients with dynamic plasticity during progression.

KEYWORDS: cancer stem cells, melanoma, breast cancer, matrix stiffness, dynamic stiffening, stiffness gradient, mechanotransduction,
cancer cell plasticity

1. INTRODUCTION

There is compelling evidence in numerous cancers that the
cells responsible for recurrence and metastasis have the
characteristics of stem cells,1 that is, the ability to self-renew
and differentiate into all the cells of the tumor mass. These
studies have led to the “cancer stem cell (CSC)” model that
explains the phenotypic and functional heterogeneity observed
across the tumor volume.2 An alternative model is that of
“clonal evolution” which holds that mutations across the tumor
cell population give rise to subsets of cells with competitive
advantage through natural selection processes.3 In reality, these
models are not mutually exclusive; that is, a stem-like cancer
cell may undergo clonal evolution to generate a more
metastatic phenotype.4 This is best represented by the
variability in tumorigenic properties across different cancers.
For instance, in breast cancer, there is significant evidence for a
distinct CSC population that is resistant to many chemo-
therapeutics and shows high metastatic potential and
tumorigenic properties.5 Breast cancer cells that do not express
stem cell markers have been shown to lack tumorigenicity thus
supporting the CSC model. In contrast, while tumorigenic
melanoma stem cells have been identified, normal melanoma
cells have been shown to change into a tumorigenic, CSC-like
state and form new tumors in support of a clonal evolution
model.6 There are clear differences in the dominant

mechanisms from which tumorigenicity arises in cancers, and
reconciling these differences in the context of the micro-
environment and the role of the extracellular matrix (ECM) is
essential to modeling pathogenesis in a laboratory.
A diverse array of microenvironmental factors is known to

regulate cell activities.7−9 In particular, accumulated evidence
over the last several decades has shown that the ECM where
cells adhere plays a crucial role in cell fate decision through
biochemical and physical factors including adhesive li-
gands,10,11 matrix elasticity,12 and topography.13 Among
these factors, mechanical stiffness of the ECM is known to
have a major influence on a range of cellular processes such as
migration,14,15 proliferation,16 and differentiation.17 For
example, lineage specification of mesenchymal stem cells is
regulated by matrix stiffness itself or through the combined
influence of multiple factors together.18,19 In addition, recent
studies suggest that the matrix elasticity of the ECM is also a
key modulator of cancer cell behaviors such as invasiveness,20
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the induction of epithelial to mesenchymal transition
(EMT),21 progression,22 and the regulation of a small subset
of cells with the characteristic of stem cells, the so-called
CSCs.23 However, most of these findings employ overly
simplistic and static biomaterials which present a fixed
microenvironment to cells. In contrast, cells in vivo reside
within a complex and dynamic microenvironment where
stiffness is invariably heterogeneous and dynamic.
Cancer cells possess widespread mechanisms of migration

and invasion,24 and the ECM plays an important role in
invasive properties which is a key step in tumor infiltration and
metastasis.25 Studies have shown that ECM rigidity strongly
influences the phenotypes and migration and invasion
characteristics of tumors.26−28 For example, a tumor-associated
ECM has been shown to be stiffer than the surrounding tissues
for breast cancer cells,29 and alterations of ECM elastic
modulus can affect the migration and proliferation rate of brain
tumor cells.30 Moreover, recent evidence has revealed that
tumor cells show plasticity of their malignant phenotypes in
response to microenvironmental factors.27,31,32 For instance,
breast CSC gene expression could be promoted with stiff
tissues as well as low oxygen tension through modulation of
integrin-linked kinase and the PI3K/Akt pathway.27 However,
a recent report showed that ECM rigidity could not
significantly affect proliferation, differentiation potential, or
expression of tumor-initiating cell markers of glioblastoma.33

These divergent studies suggest that “cell state-invasion”
relationships are more complicated than originally appreciated,
thereby requiring model systems that match this complexity.
It is well appreciated that cells exert less tension on softer

substrates. Stiffness gradients, imposed onto cells during ECM
stiffening, plays an important role in regulating morphology,34

apoptosis,35 migration,36 mechanosensing,37 and differentia-
tion.38,39 For example, cells cultured on gels with stiffness
gradients show an increase in the spreading area and
cytoskeleton organization with increasing matrix stiffness.34

In addition, it was reported that cancer cells cultured in
substrates with stiffness gradients infiltrate more into soft
regions (∼0.3 kPa) compared to those penetrating into stiffer
regions (∼1.2 or 6 kPa); however, those cultured on stiffer
regions show reduced apoptotic susceptibility to chemo-
therapeutic treatment.35 Although it has been investigated
that local tissue mechanics provide important signals to the
behaviors of cancer cells, the role of heterogeneous micro-
environments with gradient rigidity in the potential trans-
formation of cancer cells into malignant phenotypes is
currently unknown.
Recently, we showed that the invasive character of

melanoma cells is highly dependent on topological cues
ranging from the peripheral curvature to variations in surface
energy at the growth interface, which promotes EMT and
reprogramming to a CSC state, yet matrix elasticity did not
display significant influences on CSC marker expression.40−42

One possibility for this result could be the simple, static, and
homogeneous stiffness used to investigate the relation between
matrix elasticity and CSC markers. Therefore, we hypothesized
that using complex microenvironments such as dynamic or
gradient stiffness to recapitulate the complex tissue structure
and function may allow us to precisely understand how cancer
cell behaviors are regulated by dynamic and changing matrix
properties. Here, we employ engineered hydrogel substrates
that mimic variations in mechanical stiffness of microenviron-
ments in vivo (static vs dynamic vs gradient), and explore how

changing mechanics regulates the CSC-like state in melanoma
and breast cancer.

2. MATERIALS AND METHODS
2.1. Materials. All materials were obtained from Sigma unless

otherwise noted. Glass coverslips (18 mm circular) and tissue culture
plastic were purchased from Fisher Scientific. Cell culture media and
reagents [fetal bovine serum (FBS) and penicillin/streptomycin (P/
S)] were purchased from Thermo Fisher. Rabbit anti-ABCB5 (NBP1-
77687) and anti-CD133 (MB S462020) were purchased from Novus
and Biorbyt, respectively. Mouse anti-CD271 (AM1842a), anti-CD44
(AB6124), and anti-α5β1 (MAB1969) were purchased from Abgent,
Abcam, and Millipore, respectively. Y-27632, FR180204 (ERK
inhibitor), and SB202190 (p38 inhibitor) were purchased from
Calbiochem. Alexa Fluor 488-conjugated anti-rabbit (AB150077) and
647-conjugated anti-mouse (AB150115) IgG antibodies were
purchased from Abcam. Alexa 555-phalloidin (A34055) and 4,6-
diamidino-2-phenylindole (DAPI, D3571) were purchased from
Invitrogen.

2.2. Surface Preparation. For static polyacrylamide (PA)
hydrogels, we employed the previously reported protocol.43 Briefly,
PA gels with 1, 10, and 100 kPa stiffness were made on a glass
coverslip (18 mm) by mixtures of varying amounts of acrylamide and
bis-acrylamide. 0.1% ammonium persulfate and tetramethylenedi-
amine were used for initiating the reaction. Coverslips were activated
with 3-aminopropyltriethoxysilane for 3 min and glutaraldehyde for
30 min, and 20 μL of the mixture (gel solution) was sandwiched
between the activated coverslip and a hydrophobically treated
(RainX) glass slide. After polymerization with an appropriate time
for each stiffness condition, the gel-coated coverslips were gently
detached and treated with hydrazine hydrate 55% by rocking for 2 h
to modify the surface chemistry. After hydrazine treatment, 5% glacial
acetic acid was added for 1 h to rinse the hydrazine, and then distilled
water was added at least for 1 h to remove the glacial acetic acid.
Nonpatterned polydimethylsiloxane (Polysciences) stamps were
produced on the flat surfaces of plasticware. Sodium periodate
(∼3.5 mg/mL) was added to fibronectin (25 μg/mL) in 1×
phosphate-buffered saline (PBS) for at least 45 min to generate free
aldehydes on the glycoproteins. The oxidized protein solution was
pipetted onto nonpatterned stamps for 30 min and dried with air. The
protein residue on the stamps was transferred to the gel surface via
microcontact printing; free aldehydes on proteins could be chemically
conjugated to reactive hydrazine groups on the gel surface.

For gradient PA gels, we used the same procedure as making static
PA gels except for using a spacer and the amount of gel solution to
make gels. Specifically, to fabricate gradient gels, 40 μ of the mixture
(gel solution) was sandwiched between the hydrophobically treated
glass slide, and the treated coverslip and a spacer (another cleaned
coverslip, 0.17 mm) were located at one side of the treated coverslip
to create a thickness gradient.

For dynamic PA gels, we used the previously reported protocol.44

Briefly, it is based on the method for fabricating static PA gels, but the
only difference is to add carbonyl iron (CI) particles (grade EW, QED
Technologies) in the mixture of gel solution. CI particles were washed
with distilled water at least four times before use. The desired mixture
of these particles by volume was prepared in the gel solution (0.5 kPa
as a desired stiffness). 20 μ of the mixture (gel solution + CI particles)
was sandwiched between the activated coverslip and a hydrophobi-
cally treated glass slide for polymerization. Stiffness was reversibly
changed from 0.5 kPa (without magnetic field, 0 T) to 10 kPa (with
magnetic field, ∼0.2 T).

2.3. Mechanical Characterization. For the static and gradient
gels, the Young’s moduli of the matrices were obtained based on
contact force measurements using atomic force microscopy (AFM,
Asylum Research) as previously reported.43 Before the measurement,
AFM tips (Bruker) were calibrated in the air and then in PBS. Then,
all measurements (∼10 measurements at different spots) were
performed in PBS for the static and gradient gels across at least
three samples. A Hertz model using IGOR Pro software (Wave-
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Metrics) was employed to fit the obtained data, and the tip geometry
was assumed as a cone architecture to acquire the Young’s modulus
values.
For the dynamic gels, elastic moduli were obtained based on

dynamic shear measurements using a rotational rheometer (com-
bined-motor-transducer, DHR-3, TA Instruments) with a magneto-
rheology (MR) setup (magnetic fields from −1 to +1 T) as previously
reported.44 Briefly, measurements of samples (disk shape with 1 mm-
thickness and 20 mm-diameter) were performed with a nonmagnetic
parallel plate fixture (20 mm-diameter): an electromagnetic coil
applying magnetic field lines orthogonal to the plate surface as well as
a hall probe under the plate leading to real time measurement of the
external field strength throughout the tests at a constant temperature
(37 °C), oscillation (1 rad/s), and shear strain amplitude (1% in the
linear viscoelastic regime) with a closed-loop control fluid circulator
through the bottom MR fixture.
2.4. Cell Source and Culture. Cancer cell lines B16F0 and

B16F10 (murine melanoma) and MCF7 and MDA-MB-231 (human
breast) were obtained from the American Type Culture Collection
(ATCC) and cultured according to the protocols recommended. For
cell culture, media (Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS and 1% P/S) was changed every three to four
days and cells were passaged at nearly 95% confluence using 0.25%
trypsin.
2.5. Immunochemistry. Cells were fixed after 5 days in culture

with 4% paraformaldehyde (PFA) for 20 min and permeabilized with
0.1% Triton X-100 (Fisher) in PBS for 30 min. To block the cells, 1%
bovine serum albumin (BSA) was used for 15 min and primary
antibodies in 1% BSA overnight at 4 °C with rabbit anti-ABCB5
(1:500) and mouse anti-CD271 (1:250) for melanoma cells and
rabbit anti-CD133 (1:500) and mouse anti-CD44 (1:250) for breast
cancer cells. Secondary antibody labeling was performed with DAPI

(1:2500), Alexa 488-conjugated anti-rabbit (1:200), Alexa 555-
phalloidin (1:200), and 647-conjugated anti-mouse (1:200) in 2%
goat serum, with 1% BSA in PBS for 20 min in a humid chamber (5%
CO2 & 37 °C). Immunofluorescence microscopy was conducted
using an LSM (Carl Zeiss) which is a laser point scanning confocal
microscope with a single pinhole.

2.6. Cell Labeling and Flow Cytometry. Melanoma (B16F0
and B16F10) and breast cancer (MCF7 and 231) cells cultured for
five days on static gels with 1, 10, and 100 kPa stiffness (12 identical
substrates) were trypsinized and broken down into a single cell
suspension. Cells were fixed with 4% PFA for 20 min. To permeabilize
cells, 0.1% Triton X-100 in PBS was used for 30 min. Cells were
blocked in 1% BSA for 15 min and labeled with primary antibodies
(the same condition in the procedure of immunochemistry) in 1%
BSA overnight at 4 °C. Next, secondary antibodies [Alexa 488-
conjugated anti-rabbit (1:200) and 647-conjugated anti-mouse
(1:200)] in 2% goat serum and 1% BSA in PBS were applied for
20 min in a humid chamber (5% CO2 & 37 °C). After every step, cells
were washed three times with PBS. A BD LSRFortessa flow cytometry
analyzer was employed to measure immunofluorescence intensity of
single cells, and cells stained without primary antibodies were
employed as negative controls to set the baseline.

2.7. Inhibition Assays. Inhibitors and blocking antibodies were
added to cell cultured media at the following concentration before
and after cell seeding and with each media change: 1 μg/mL anti-
α5β1 (MAB1969), 2 mM Y-27632 (Calbiochem), 6 mM p38
(Calbiochem: SB202190) and ERK (Calbiochem: FR180204), and
0.1 μg/mL noggin (SB-505124, Sigma). Isotype controls were used
during optimization of blocking procedures for several previous
studies13,19,40,41 and are not included in this manuscript.

2.8. Microscopy Data Analysis. ImageJ software was employed
to analyze immunofluorescence images. Single cells were manually

Figure 1. Cells cultured on static and homogeneous substrates with different stiffness show no significant change for CSC marker expression. (a)
Schematic showing the process used to culture cells on fibronectin-coated PA gels (nonpatterned). Quantitation of CSC marker expression for (b)
B16F0 and B16F10 cells (ABCB5 and CD271) and (c) human MCF7 and MDA-MB-231 cells cultured on 10 kPa gels for 5 days. Representative
confocal microscope images of (d) B16F0 and (e) B16F10 cells stained for nuclei, F-actin, ABCB5, and CD271 cultured on substrates with three
different stiffness for 5 days. Expression of CSC markers using (f) immunofluorescence and (g) flow cytometry for B16F0 and B16F10 cells
cultured on static substrates with different matrix rigidity (1, 10, and 100 kPa). Scale bar: 100 μm. Error bar: SD. *P < 0.05, #P < 0.01 (N = 3).
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segmented using DAPI and F-actin images, and the segmented single
cells (over 100 cells for each condition) were used for measuring
intensities of different markers; multiple cells overlapped each other
were excluded in the analysis. The mean intensities of the markers
were used to obtain the average intensity values and their standard
deviation (SD). The relative intensity of fluorescence was determined
by comparing each intensity value to one of the values among
conditions.
2.9. Statistical Analysis. Data was obtained from at least three

independent experiments, and error bars represent SD. For statistical
analysis, we used two-tailed P-values from Student’s t-test for
comparing two groups and analysis of variance with Tukey HSD
post-hoc testing for comparisons of more than two groups.
Differences were considered significant at P < 0.05.

3. RESULTS
3.1. Influence of Homogeneous Stiffness on CSC

Marker Expression. We prepared microengineered hydrogels
(static: ∼1, 10, 100 kPa, dynamic: ∼0.5 ↔ ∼10 kPa reversibly,
and gradient: ∼10 kPa) and employed soft lithography to
transfer matrix proteins onto the surface of the hydrazine-
modified hydrogels with flat surfaces without a structure
(nonpatterned). To explore the effects of matrix rigidity on

CSC marker expression, we selected different malignant
tumors of the murine B16 melanoma cell lines (B16F0: less
metastatic and B16F10: more metastatic) and human breast
cancer cell lines (MCF7: non-metastatic and 231: metastatic)
and employed putative CSC molecular markers (ABCB5 and
CD271 for B16 melanoma and CD44 and CD133 for breast
cancers). We first measured these markers in the cells with a
different degree of malignancy after 5 days in culture on
fibronectin-conjugated hydrogels (10 kPa) (Figure 1a). More
metastatic B16F10 cells expressed slightly higher tumorigenic
molecular markers than B16F0 cells, while metastatic 231 cells
showed significantly higher expression levels of CSC markers
compared to non-metastatic MCF7 (Figure 1b,c). To
investigate the role of the stiffness of the underlying matrix,
these cells were cultured on the substrates with different
elasticity (∼1, 10, and 100 kPa) where stiffness is
homogeneous. Expression of CSC markers (immunofluor-
escence and flow cytometry) seemed not dependent on the
matrix rigidity regardless of the cell type or metastatic potency
(Figures 1d−g and S1), which corresponds to previous
studies.33,40

Figure 2. Dynamic stiffening regulates the expression of CSC markers for melanoma cells. (a) Schematic illustrating stiffening PA hydrogels
incorporating CI particles by applying magnetic fields to align the particles. (b) Magnetization profile for dynamic stiffening for 5 days in culture
and the percent change of ABCB5 and CD271 expression relative to average of all samples at day 5 in melanoma cells. (c) Representative images of
nuclei, F-actin, ABCB5, and CD271. Scale bar: 100 μm. Error bar: SD (N = 3).
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3.2. Influence of Dynamic Stiffness on the CSC
Phenotype. Because the microenvironment in vivo is
complex and dynamic and thus stiffness of the matrix is
heterogeneous, we first employed magnetoactive hydrogels
with dynamically tunable stiffness by a magnetic field from 0.5
(w/o field) to 10 kPa (w/field) reversibly where temporal
modulation of the matrix stiffness is possible (Figure 2a).44

Cells were seeded on fibronectin-conjugated gels containing
magnetic particles with or without a magnetic field, and the
stiffness was changed at day 2.5. We then imaged and
measured CSC marker expression for each cell line at 5 days.
To highlight different levels of CSC marker expression
between each condition [(i) ∼0.5 kPa for 5 days, (ii) ∼0.5
kPa for 2.5 days and ∼10 kPa for 2.5 additional days (matrix
stiffening), (iii) ∼10 kPa for 2.5 days and then ∼0.5 kPa for 2.5
additional days (matrix softening), and (iv) ∼10 kPa for 5
days], the average value of all cells measured at day 5 across
the conditions was first obtained. Then, CSC expression levels
of single cells in each condition were subtracted by the average
value of the entire groups. Finally, the average intensity values
for each condition were obtained to clearly display deviation of
CSC marker expression.44 Analysis of expression of those CSC
markers indicates that initial stiffening might play a dominant
role in CSC states especially for B16 melanoma cancers relative
to stiffening (∼0.5 to ∼10 kPa) or softening (∼10 to ∼0.5
kPa) of the matrices even though the effects are not statistically

significant (Figure 2b,c). For instance, B16 cells initially
cultured on stiff substrates showed higher levels of CSC marker
expression compared to those initially cultured on soft
substrates (Figure 2b), while breast cancer cells express similar
levels of CSC markers irrespective of initial stiffness (Figure
S2). Surprisingly, stiffening or softening during 5 days in
culture did not exert any influence on CSC marker expression
for both cancer cell lines.

3.3. Influence of Stiffness Gradients on the Ex-
pression of CSC Markers. To further investigate the role
of stiffness on CSC states, we next fabricated gels by creating a
continuous gradient on a gel layer. It is possible for cells to
locally sense a different degree of stiffness in the gels because
although homogeneous gels were used, the different thickness
between the gels and a coverslip leads to a subtle difference in
stiffness felt by the cells for the overall substrates (Figure 3a).
To verify homogeneous bioconjugation of matrix proteins, we
first transferred an Alexa-555-conjugated fibrinogen onto the
hydrazine-treated surface of gradient gels. Immunofluorescence
analysis of the conjugated gels shows no significant difference
from the fluorescence intensity across all the regions
unrelatedly of gel rigidity (Figure S3). Interestingly, unlike
cells cultured on simply static or dynamic gels with different
matrix rigidity showing no difference in CSC marker
expression, those cultured for 5 days on the gradient gels
expressed significantly different levels of CSC markers (both

Figure 3. Stiffness gradient hydrogel formation and its effects on CSC marker expression of melanoma cells. (a) Formation of gradient gels using a
spacer and force−deflection curves of the gels. (b) Measured Young’s modulus of gradient hydrogels (0: thickest and 10: thinnest). Error bar:
standard error of the mean. (c) Relative ABCB5 and CD271 marker intensity of melanoma cells cultured on stiffness gradient gels and their
representative images on different regions of the gels. Scale bar: 100 μm. Error bar: SD. *P < 0.05 (N = 3).
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B16 melanoma and breast cancer cell lines) depending on the
local stiffness, a maximum at the lowest gel height (the stiffest,
∼11 kPa) and a minimum at the highest gel height (the softest,
∼10 kPa) (Figures 3b and S4) (intensity ratio: stiffness/
softest, for B16F0: ∼2.3-fold (ABCB5) and ∼2.1-fold
(CD271), for B16F10: ∼3.6-fold (ABCB5) and ∼2.9-fold
(CD271), for MCF7: ∼1.8-fold (CD133) and ∼2.6-fold
(CD44), for 231: ∼1.9-fold (CD133 and CD44)). This
suggests that cancer cells in response to the local changes in
stiffness could be activated into a CSC-like state. However, we
noticed that the mechanical properties in Figure 3b were likely
saturated after ∼3 mm, suggesting that stiffness may be roughly
constant beyond a 3 mm distance from the highest thickness.
We acknowledge that there are some other possible factors
including cell migration which might also play a role in
regulating CSC states during culture. Nevertheless, because it
is obvious that cell migration on the gradient gels could be
affected by the local matrix stiffness which might be
interdependent, our claim that the gradient hydrogels could
regulate the CSC states by modulating local mechanical
properties of matrices is still viable.
To further verify the influence of stiffness gradient on the

expression of CSC markers, we also measured these markers in
B16F0 melanoma cells cultured for 1−5 days on nonpatterned
gradient substrates and their cell numbers in different regions
(Figure S5). Analysis of the CSC marker expression showed
that cells adhered onto the stiffer region express higher levels
of these markers at day 1 and increase these levels compared to
those on softer regions (intensity ratio: stiffness/softest, for

ABCB5 day 1: ∼1.3-fold, day 2: ∼1.4-fold, day 3: ∼2.0-fold,
day 4: ∼2.4-fold, day 5: ∼2.7-fold and for CD271 day 1: ∼1.3-
fold, day 2: ∼1.3-fold, day 3: ∼1.4-fold, day 4: ∼1.4-fold, day
5: ∼1.7-fold), indicating that it is likely due to the activation of
CSC states for cells which respond at early time points by
stiffness gradient that exists on the substrates and increases
with culture day. The average number of cells per region was
similar within 3 days in culture; however, cells cultured in
softer regions grew faster than those cultured in stiffer regions,
which corresponds to the previous reports revealing a low
proliferation rate for the CSC phenotype. Taken together, our
results reveal a clear influence of heterogeneous stiffness using
stiffness gradient on promoting the expression of CSC markers
when compared to influences of homogeneous rigidity based
on the static or dynamic substrates. However, we acknowledge
that some variability in cell behaviors like migration or
cytokine secretion across the gradient substrates may affect the
CSC phenotype outcome.

3.4. Role of Stiffness Gradients in Revealing a CSC
Phenotype. We previously revealed that generation of the
CSC phenotype with enhanced metastasis and tumorigenicity
was achieved not only by tumor periphery activation through
integrin α5β1 adhesion, mitogen activated protein kinase
(MAPK), and signal transducer and activator of transcription
activity40 but also by matrix composition via bone
morphogenetic protein (BMP) signaling pathways.45 In the
current study, we have shown that subtle changes in matrix
rigidity will influence CSC marker expression on gradient gels.
To clarify signal transduction pathways that are involved in

Figure 4. Inhibition of integrins and downstream effectors influence CSC marker expression. Expression of CSC markers (ABCB5 and CD271) for
melanoma cells cultured on gradient gels with or without inhibitors and RMSD of the results. Error bar: SD (N = 3).
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linking matrix stiffness recognition to the CSC phenotype, we
treated cells cultured on gradient gels with integrin-blocking
antibodies for α5β1, the Rho-associated kinase inhibitor Y-
27632, mechanotransduction-related MAPK inhibitors (p38
and ERK), and the BMP inhibitor (noggin). Both B16
melanoma and breast cancer cells were cultured in non-
patterned gradient substrates with or without 1 μg/mL anti-
α5β1, 2 mM Y-27632, 6 mM p38 and ERK, and 0.1 μg/mL
noggin for 5 days. We employed representative CSC markers
for both B16 melanoma (ABCB5 and CD271) and breast
(CD44 and CD133) cancers to investigate the effects of
inhibitors on the activation of CSCs via local stiffness gradient
(Figures 4 and S6). Root mean square deviation (RMSD)
analysis reveals that the expression of two different CSC
markers for each cell line does not show similar trends in
response to the inhibition except for B16F10 cells. For B16F0
cells, the expression of ABCB5 shows the highest RMSD when
cells are blocked by α5β1, while p38 inhibition is the most
effective inhibition for the expression of CD271. However,
B16F10 cells treated with ERK inhibitors show the highest
RMSD for both CSC markers. For breast cancers, the highest
RMSD for the CD44 expression is shown when treated with
p38 (MCF7) or blocked by α5β1 (231), while the expression
of CD133 is more likely to be affected by Y-27632 (MCF7) or
noggin (231).

4. DISCUSSION
In this study, we cultured cancer cells on three different
substrates (static, dynamic, and gradient) to investigate the
relationship between the condition of matrix rigidity and CSC
marker expression for melanoma (B16F0 and B16F10) and
breast cancer (MCF7 & 231) cells of varying metastatic
potential. We could vary matrix stiffness dynamically by using
magnetoactive hydrogels (0.5−10 kPa) and employed gradient
gels which contain heterogeneous stiffness based on the
different thickness of gels on a glass coverslip. We found that
cancer cells cultured for 5 days on the stiffer regions of gradient
substrates express higher levels of CSC markers regardless of
cell type and malignancy. However, dynamic changes in matrix
rigidity between 0.5 and 10 kPa do not play an important role
in CSC states, which is in line with the results for cells cultured
on the substrates with different matrix stiffness (1, 10, and 100
kPa) showing no significant difference of the CSC marker
expression.
The influence of matrix rigidity of static gels on CSC marker

expression that we observe is consistent with the report by
Kumar and co-workers showing that glioblastomas cultured on
different matrix stiffness display no major difference in
proliferation, differentiation potential, or expression of
tumor-initiating cell markers.33 In addition, we have shown
that the expression of CSC markers of melanoma cells is
dependent not on matrix rigidity but on topological cues
including the curvature and perimeter/area.40 However,
interestingly, it is in contrast to previous studies that a
stiffened ECM promotes the invasion of mammary epithelial
cells in vitro and malignant conversion and metastasis of
mammary tissues in vivo.29 For example, Wang and co-workers
demonstrated the regulation of tumor cell differentiation and
proliferation by the mechanical properties of substrates;
selected growth of tumorigenic melanoma cells can be
promoted by soft fibrin gels.32 Another report by Nelson and
co-workers showed the CSC gene expression of breast cancer
cells is affected by matrix stiffness (soft: ∼0.13 & stiff: ∼4.02

kPa) as well as hypoxic conditions.27 This may be due to the
fact that very soft substrates for cancer cells lead to a decrease
in focal adhesion, contractility, and mechanosignaling with
specific integrin, preventing transformation into malignant
phenotype and tumor progression. Unlike these findings, we
observed no notable shift toward CSC phenotypes for cancer
cells cultured on the static hydrogels, regardless of their
stiffness (∼1, 10, and 100 kPa), as well as on the
magnetoactive hydrogels with dynamically tunable stiffness
(∼0.5 ↔ 10 kPa without or with magnetic fields) but with
significant regulation of CSC states for those cultured on the
gradient hydrogels (∼10−11 kPa). Our findings suggest that
mechanical properties in homogeneous substrates may not lead
to changes in CSC phenotypes, while subtle gradients of matrix
stiffness may play a role in local regulation of CSC states.
However, we acknowledge that further studies are necessary to
cross-compare between different hydrogel systems and cancer
cell types to uncover general biophysical phenomena
(especially associated with homogeneous/gradient matrix
stiffness) underlying CSC states within the native tumor
microenvironment.
An increase in protein abundance with their reorganization

and post-translational modifications leads to ECM stiffening,
and one of the important features of tumor microenvironments
is the existence of local physical and chemical gradients that
influence the tumor phenotype.46 Studies have shown that
tissue stiffness increases as a function of tumor stage and the
invasive front of tumors is the region of the stiffest.47

Moreover, invasion is promoted by these local micro-
environmental gradients, which eventually leads to cancer
progression and metastasis.48 It has been shown that invasion
for breast and squamous cells cultured on a stiffened ECM is
promoted by integrin focal adhesions with the improvement of
growth factor and G protein-coupled receptor signaling
activating various signaling pathways such as Rho GTPases,
Wnt, MAPK, and PI3K.28,49

To aid in understanding the role that stiffness gradient plays
in regulating the CSC phenotype, we performed inhibition
studies using the target mechanotransduction pathways which
have been implicated in promoting CSC states. After culturing
on gradient gels with or without the inhibitors, we see that
multiple signals in cancer cells contribute to the change into a
CSC phenotype in response to the heterogeneous matrix
rigidity. For B16F0 cells, inhibition of α5β1 or p38 shows a
large decrease in CSC markers (ABCB5 or CD271,
respectively), while inhibition of ERK signaling leads to the
highest decrease in the expression of both CSC markers for
B16F10 cells. Although B16F0 cells are the less metastatic
origin of B16F10 cells, the two cell lines show different
responses to perceiving a mechanical gradient. Previously, we
showed that tumor periphery activation of melanoma cells by
perimeter geometry is mediated by signaling pathways through
α5β1 adhesion and MAPK (p38 and ERK).40 This result is in
line with our data for melanoma cells cultured on stiffness
gradients, suggesting that the observed activation may
converge on similar pathways apparent in geometric regulation.
For breast cancer cells, different signaling pathways from
melanoma cells in response to the local stiffness gradients were
observed. Inhibition of Y27632 for MCF7 and noggin for 231
gives rise to the highest decrease in CD133 expression, while
inhibition of p38 for MCF7 and α5β1 for 231 leads to the
largest decline in CD44 expression. It was reported that cancer
migration and metastasis were regulated by Rho/ROCK
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signaling via focal adhesion dynamics50 and p38 MAPK lies
downstream of Rho-kinase (ROCK) for breast cancer cells,51

indicating that focal adhesion propagated through both ROCK
and p38 MAPK signaling may activate CSC-like states for
MCF7 in response to local stiffness gradients. Modulation of
integrin-related signaling promoted CSC activation for 231
cells when cultured on stiff substrates.27 In addition, BMPs are
known to belong to the transforming growth factor β
superfamily and play an important role in breast cancer
initiation, proliferation, apoptosis, and the process of meta-
stasis.52 For instance, breast cancer cells maintained their
mesenchymal phenotype with the BMP pathway which
promotes more migratory and invasive phenotypes.53,54

However, MCF7 cells were like CSC phenotypes with reduced
BMP7 expression.55 These results indicate that distinct
molecular pathways regulate CSC states for two different
breast cancer cell lines, MCF7 and 231, in response to local
stiffness gradients. However, we acknowledge that further
studies will be required to investigate the detailed signaling
pathways regulating CSC phenotypes on the gradient gels
including measuring ERK substrate phosphorylation in differ-
ent regions and conducting independent inhibition of multiple
proteins in the given pathways. Nevertheless, in this study, we
provided some clues that different signaling pathways may be
associated with the promotion of CSC phenotypes on the
gradient gels in various cancer types as well as different
expression levels of CSC markers could be affected by distinct
signaling pathways.

5. CONCLUSIONS
In this work, we explored how variable matrix mechanics
influence the CSC phenotype using microengineered hydrogels
with static, dynamic, or gradient matrix elasticity. Cells
cultured on static and homogeneous gels show no stiffness
dependence in the expression of markers associated with
CSCs. Dynamic regulation of matrix stiffness also shows no
appreciable difference in CSC marker expression. In contrast,
cancer cells cultured on substrates that present local stiffness
gradients to mimic heterogeneous mechanics in vivo show a
significant increase. These results demonstrate how CSC
phenotypes in adherent cancer cells are best controlled
through subtle changes in the heterogeneous mechanics of
the substrate, suggesting that gradient mechanics in tissues give
rise to shifts in cancer cell plasticity. The observed sensitivity
to heterogenous mechanics is akin to observations in vivo
where gradient microenvironments often foster invasive
signaling and underscores the importance of presenting cells
in vitro with substrates that reflect native microenvironments.
We expect that this platform will be broadly applicable across
other cancer types and their behaviors that are affected by the
physical environment and assist in vitro efforts aimed at
unravelling the myriad signals responsible for cancer cell
plasticity.
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