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ABSTRACT
The micro-environment of cancer cells in the body is mechanically stiffer than that of normal cells.
We cultured three breast cell lines of MCF10A-normal, MCF7-noninvasive, and MDA-MB-231-
invasive on PDMS substrates with different elastic moduli and different cellular features were
examined.Effects of substrate stiffness on cell behavior were evident among all cell lines.
Cancerous cells were more sensitive to substrate stiffness for cell behaviors related to cell motility
and migration which are necessary for invasion. The invasive cancerous cells were the most motile
on substrates with moderate stiffness followed by non-invasive cancerous cells. Gene markers
alterations were generally according to the analyzed cell movement parameters. Results suggest
that alterations in matrix stiffness may be related to cancer disease and progression.
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Introduction

Breast cancer is the most prevalent cancer worldwide
which is usually diagnosed by the physical palpation of
a rigid mass situated on the soft surrounding [1]. The
mechanisms by which tumours are formed and pro-
gress and later metastasize to other tissues have been
vastly studied, however the role of mechanical cues in
modulating the growth and progression of the breast
cancer cells remain poorly defined. It was demonstrated
that an estimate of breast tissue stiffness was associated
with breast cancer risks [2]. Furthermore, the atomic
force microscopy (AFM) measurements of breast tis-
sues extracted from patients showed that they had a
broad range of elastic modulus and usually were stiffer
than normal tissues in extracellular matrix regions
while cancer cells were softer than normal cells [3],
indicating that breast cancer cells develop in a niche
stiffer than a normal breast tissue.

In addition to genetic parameters associated with
progression of cancer cells, external structural factors
have been suggested to be effective [4], such as stiffen-
ing of the extracelluar matrix (ECM) that is shown to
be associated with tumour development. An in vitro
study showed that matrix stiffness altered expression of
some genes in hepatocellular carcinoma especially mar-
kers that were related to the cell-cell or cell-substrate

adhesions. Moreover, matrix stiffening decreased
effects of medication to the cancerous cells and
increased growth rate [5]. Epithelial cells connect to
the ECM via integrin adhesions and it was suggested
that ECM stiffening altered cytoskeletal tension
through this connection promoting malignant transfor-
mation [6]. Furthermore, it was shown that glioblas-
toma migration and proliferation [7], and the ability of
smooth muscle cells [8] and fibrosarcoma cells [9] to
migrate highly depends on the substrate stiffness.
Interestingly, cell proliferation was also regulated by
ECM rigidity since cells were dividing more rapidly
on rigid ECMs compared to compliant ones [7,10].
The mechanism of stiffness sensing is guided by intra-
cellular tension through mechanotransductive cascades.
Whenever substrate stiffens cell contractile forces rise
in order to establish an equilibrium [11]. In this con-
text, the behaviours of cancer cells such as proliferation,
invasion, metastasis and their responses to the chemo
treatments are highly modified by their surrounding
environments including mechanical properties.

Effects of substrate stiffness on cell behaviour are
well dependent on cell phenotype. Results of effects of
substrate stiffness on three cell types showed different
trends. Fibroblasts and endothelial cells were influ-
enced by their substrate stiffness, since their spread
area and integrin α5 gene expression and stress fibres
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were enhanced on the stiff substrates. On the other
hand, the behaviour of neutrophils was independent
from the substrate stiffness [12]. While the cell area,
proliferation, motility and forming stress fibres of
macrophage cells were enhanced due to the stiffening
of the substrate [13], hepatocyte cells were more
functional and well-differentiated on soft substrates.
Additionally, they were able to maintain their pheno-
type better on the soft substrates [14]. Furthermore,
the differentiation of mesenchymal stem cells was
related to their substrate stiffness. Cells cultured on
soft substrates differentiated to the chondrocytes,
whereas those cultured on the stiff substrates
expressed smooth muscle cells markers [15].

Analysis of effects of substrate stiffness on the beha-
viour of cancer cells can be assistive in study of cancer
invasion and new prognostic tools. Effects of substrate
stiffness on cancerous cells have been addressed,
although such effects depended on the cell type. It
was shown that the variation of stiffness affected pro-
liferation index and spread area of two hepatocellular
carcinoma cell lines (Huh7 and HepG2), however such
effects were more profound among HepG2 cells [5]. In
another study cancer cell lines were categorised as
rigidity-dependent and rigidity-independent types
whether their proliferation after 5 days culture
depended on the substrate stiffness or not. The rate of
this effect was different even among rigidity dependent
cancer cell lines [16].

Effects of substrate stiffness on a wide range of cell
behaviours of cancer cells with different invasive
potentials have not been fully investigated. Cancer
cells, including breast cancer cells with differing inva-
siveness have different physical and structural proper-
ties as determinants of their behaviour in different
stages of cancer [17]. It is of great interest to investi-
gate if such properties are altered by substrate stiffness
which might further address novel methods in cancer
suppression. In this contribution, we examined effects
of substrate stiffness on the major behaviours of breast
cancer cell lines with different degrees of invasiveness.
MCF10A, MCF7 and MDA-MB-231 cell lines were
studied as the normal, non-invasive and invasive
breast cancer cell lines respectively. Samples of poly
dimethylsiloxane (PDMS) with three elastic moduli
were synthesised by changing the ratio of monomer
to cross-linker as the substrates of three breast cancer
cell lines. We analysed alterations in cell morphology,
cytoskeletal architecture, cell proliferation, cell moti-
lity, and expression of a wide range of specific genes of
cells seeded on the substrates to quantify effects of
substrate elastic properties on breast cancer cell
behaviours.

Results

Mechanical properties of substrates

Three breast cancer cell lines were cultured on the
prepared collagen coated PDMS substrates with varying
stiffness for 48 h. Different monomer to cross linker
ratios (10:1, 50:1 and 75:1) led to different elastic mod-
uli. Utilizing tensile tests, the elastic moduli of PDMS
substrates were obtained 640kpa, 40kpa and 10kpa for
10:1, 50:1 and 75:1 ratios respectively.

Substrate rigidity alters morphology and actin
structure of breast cell lines

Analysis of cell area revealed that this parameter
increased 59 percent and 173 percent by culturing
MCF10A breast cell lines on soft substrate to substrate
with moderate stiffness and from substrate with moder-
ate stiffness to stiff substrate respectively. Furthermore,
these enhancements were 43 percent and 77 percent for
MCF7 and 50 percent and 92 percent for MDA-MB-231
respectively (Figure 1(a)). One-way ANOVA revealed
that substrate stiffness significantly altered cell morpho-
logical spreading among all tested cell lines (P < 0.0001).
Furthermore, Bonferroni’s multiple comparison was per-
formed to compare paired between groups. Results were
indicative of significant differences as described in
Figures. Both SEM and confocal images demonstrated
that the average cell area decreased dramatically by
decreasing substrate stiffness among all three cell lines
(Figures 1(d) and 2). Cells were well-spread and showed
evident and elongated lammelopodia on the stiffest sub-
strates. By substrate softening, cells became semi
rounded and their spreading area decreased consider-
ably. Moreover, the number and the length of the lam-
melopodia decreased intensely by decreasing substrate
stiffness. On softer substrates, the long lammelopodia
were replaced by numerous shorter filopodia that
enhanced cell motility.

Different morphological features were observed for
cells seeded on each substrate among three cell lines
(Figure 1(a,d)). The differences among cell area
between all cell lines were more prominent on stiff
substrates (P < 0.0001) compared to the moderate and
soft stiffness (P < 0.05) Although there was a significant
difference between morphology of MCF10A and MCF7
cell lines cultured on the moderate stiffness, the differ-
ence was not evident when they were cultured on the
soft substrate, indicating that by substrate softening, the
difference in morphological features such as the surface
area became less detectable. In general, among all sub-
strates, the normal breast cell line (MCF10A) had
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higher surface areas compared to other cell lines. On
stiff substrates, the average surface area of MCF10A
cells was 1.4 and 2 folds higher than MDA-MB-231
and MCF7 cells respectively. Furthermore, MDA-MB-
231 cells were more elongated and had more noticeable
lammelopodia than MCF7 cells which is an indication

of higher invasion ability of this cell line especially on
the stiff substrates (Figure 1(c)).

Among cells which were quantified, normal breast
cell lines (MCF10A) and invasive one (MDA-MB-231)
demonstrated similar trend in variation of actin struc-
ture and isotropic levels. Richer actin structure was

Figure 1. Morphological analysis, proliferation assay and SEM images of MC10A, MCF7 and MDA-MB-231 cell lines cultured
on substrates with different elastic moduli. A) Average cellular surface area of different breast cell lines cultured on substrates
with different rigidities using Image J software. B) Average cellular proliferation index of different breast cell lines cultured on
substrates with different rigidities using MTT assay. C) Direct living cell counting using trypan blue. The number of cells after 48 h
culture was divided by the number of primary cells (50,000 cells in each well of 6 well plates in the first day of culture) . D) Scanning
electron microscopic (SEM) images of different breast cell lines cultured on substrate with different rigidities. In each case, values
represent the mean (± SEM) of measurements from three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001 and
****P < 0.0001).
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observed among cells cultured on substrates with mod-
erate stiffness. For these cells results of actin anisotropic
ratio showed least polarisation on stiff substrates and
highest on substrates with moderate stiffness (Figure 2
(d)). Noninvasive cell lines (MCF7) shows similar trend
when was cultured on the soft substrate. Moreover, the
average values of actin polarisation were significantly
different for cell lines cultured in different stiffness
(P < 0.05 for MCF10A and P < 0.01 for MDA-MB-231).

In each substrate, there was a statistical difference
between actin polarisation of three cell lines (P < 0.01,
P < 0.05 and P < 0.0001 for soft and moderate and stiff
substrates respectively). The differences among actin
polarisation values are indicators of different actin
structure among cell lines. On average, the degree of
actin polarisation was higher for cancerous cells com-
pared to normal cells (Figure 2(d)) with the highest
values for invasive cells (MDA-MB-231) which means
the arrangement of actin fibres in cancer cells was less
isotropic (Figure 2), most likely due to rich parallel
fibrils within the cortex of cells. Moreover, such index
was altered by change in substrate stiffness. In general,
substrate with moderate stiffness followed by soft sub-
strates enhanced actin rich cell cortex which is related
to stress fibers necessary for cell motility. Normal and

highly invasive breast cell lines, MCF10A and MDA-
MB-231 respectively, formed richer stress fibres on
substrates with moderate stiffness, whereas noninvasive
breast cell line, MCF7, showed more noticeable stress
fibres when they were cultured on soft substrates
(Figure. 2).

Substrate stiffening increases proliferation of
breast cell lines

Data demonstrated that substrate stiffening led to
higher proliferation measured by MTT assay and direct
cell counting among all cell lines (Figure 1(b,c)). One-
way ANOVA revealed evident statistical differences for
all cell lines cultured on substrates with different rigid-
ities for both MTT assay (MCF10A P < 0.01, MCF7
P < 0.05 and MDA-MB-231 P < 0.0001) and direct cell
counting method (P < 0.0001 for all cell lines). The
differences among cell proliferation between all cell
lines seeded on substrates with different stiffness values
were strongly significant for all cell lines for both MTT
assay (soft P < 0.05, moderate P < 0.01 and MDA-MB-
231 P < 0.05) and direct cell counting (soft P < 0.01,
moderate P < 0.0001 and MDA-MB-231 P < 0.01).

Figure 2. Actin cytoskeletal staining of MC10A, MCF7 and MDA-MB-231 cell lines cultured on substrates with different
stiffness values. (A, B, C) Represents confocal images of cells on each substrate stained by phalloidin-FITC. (A) MCF10A. (B) MCF7.
(C) MDA-MB-231. (D) Actin anisotropic ratio of breast cell lines cultured on substrates with different stiffness values.
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MTT assay revealed that the average cell proliferation
rose 13 percent and 100 percent by culturing MCF10A
breast cells on soft substrate to moderate substrate and
from moderate substrate to stiff substrate respectively.
Furthermore, such increases were 37 percent and 16
percent for MCF7 and 4 percent and 57 percent for
MDA-MB-231 accordingly. Such trend was confirmed
by direct cell counting.

Substrate rigidity alters cell movement parameters

Cell motility is among major features determining cel-
lular invasion in cancer. To measure effects of substrate
rigidity on cell movement, we monitored selected cells
cultured on each prepared substrate for 10 hours using
time lapse microscopy and calculated three parameters
as the determinants of cell motility including cell track
length, cell velocity, and cell effective distance as the
length of the straight line between the initial and last
positions of cells. Generally, effects of stiffness variation
on the cell movement parameters were more noticeable
among cancerous cells compared to normal cells.
Results indicated marked alterations in cell track length
in response to change in stiffness of substrates specifi-
cally among invasive cancerous cells (Figure 3(a)).
MDA-MB-231 cells were highly motile in the substrate
with moderate stiffness compared to other substrates.
Statistical analyzes revealed significant differences
among both motility and velocity caused by substrate
stiffness among cancerous cell lines (P < 0.0001).
Further post-hoc analysis for comparison of each pair

of test groups was performed and results are presented
in Figures. Among three breast lines, all cells moved
less on the stiffest substrates. For normal and invasive
lines, cells were more motile on substrates with mod-
erate stiffness, while for non-invasive cancer cells the
longest track length was achieved on soft substrates.
The average track length of normal and invasive cells
on substrates with moderate stiffness were almost 1.3
and 3 folds of those cultured on the stiff substrate
respectively, whereas the average track length of non-
invasive cancer cells cultured on the soft substrates was
1.8 folds of those cultured on the stiff substrate.

The trend for the velocity of track length was the
same as the track length, since cell velocity is obtained
through dividing the track length by time. Again, the
variation was not significant for normal cells (P > 0.05).
The speeds of migration of MCF10A and MDA-MB-
231 cells were higher on substrates with moderate stiff-
ness, whereas MCF7 cells obtained highest speed on the
soft substrate as it was gradually decreased as the sub-
strate was stiffened (Figure 3(b)). Detailed movies gen-
erated during 10 hours monitoring revealed that cells
on stiff substrates migrated with developed and broad
lamellipodia, whereas the majority of the cells on the
soft substrates showed round morphology and thinner
and shorter lamellipodia (See Supplementary movie file
2–10). On the other hand, the number of lamellopodia
developed on stiff substrates was lower than those on
other substrates (Figures1(d) and 2). This might be the
reason for higher motility on less stiff substrates. The
average cell speed decreased by 22 percent for MCF10A

Figure 3. Analyzing cell movement parameters of MC10A, MCF7 and MDA-MB-231 cell lines cultured on substrates with
different stiffness values. (A) Represents average cell track length of different breast cancer cell lines cultured on substrates with
different rigidities. (B) Represents average cell speed of different breast cancer cell lines cultured on substrates with different
rigidities. (C) Represents average cell effective distance of different breast cancer cell lines cultured on substrates with different
rigidities. In each case, values represent the mean (± SEM) of measurements from three independent experiments (*P < 0.05,
**P < 0.01, ***P < 0.001 and ****P < 0.0001).
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cells on substrates with moderate to high stiffness
although not significant (P > 0.05). For MCF7 cells
the decreases in cell speed by gradual substrate stiffen-
ing were 11 percent and 35 percent. The speed of
MDA-MB-231 cells was enhanced significantly on the
substrate with moderate stiffness, indicating 50 percent
and 192 percent higher values than those cultured on
the soft and stiff substrates respectively (P < 0.0001). In
order to better understand the role of substrate stiffness
on cell motility, the snap shots of the surveyed cells
cultured on each substrate captured during 120 min
with 15 min intervals are presented in Supplementary
Information Figure S3 to S11.

To further study cell motility, cell effective distance
was measured over 10 hours of culture on different
substrates. For all cell lines, the differences between
effective distance of cells cultured on the soft and
moderate stiffness were not significant, whereas signif-
icant difference was obtained for cells seeded on stiff
substrates. One-way ANOVA revealed significant dif-
ferences among them (MCF10A P < 0.05, MCF7 < 0.01
and MDA-MB-231 < 0.01) (Figure 3(c)).

Compared to cancerous cells, cell motility para-
meters of normal cells were less under influence of
substrate stiffness. On moderate substrates, the motility
parameters of invasive breast cell lines were signifi-
cantly more than other cell lines (p < 0.05).

Substrate rigidity alters gene expression

Effects of substrate stiffness on gene expression after
48 hours culture on substrates with different stiffness
values were quantified. The expression levels of
Integrin β1 marker increased by substrate stiffening
for all cell lines (MCF10A P < 0.0001, MCF7
P < 0.0001 and MDA-MB-231 P < 0.01) (Figure 4(a)).
The expression of Integrin β3 decreased for MCF7 cells
by stiffening of the substrate (P < 0.0001), although did
not change significantly for MCF10A cells (P > 0.05)
and increased gradually for MDA-MB-231 cells by sub-
strate stiffening (P < 0.01) (Figure 4(b)). The expression
of E-cadherin marker increased gradually for all cell
lines by substrate stiffening (P < 0.0001) (Figure 4(c)).
The expression of N-cadherin marker decreased gradu-
ally by substrate stiffening for MCF10A and MCF7
(P < 0.05 and P < 0.01 respectively) but for MDA-
MB-231 cell line expressed more noticeably on the
substrates with moderate stiffness (P < 0.0001) (Figure
4(d)).

Moesin, localising in membranous protrusions, was
reduced by substrate stiffening for MCF10A and MCF7
cells (P < 0.05 and P < 0.0001 respectively), although
this expression was higher for MDA-MB-231 cells

when cultured on the substrates with moderate stiffness
compared to other stiffness values (P < 0.0001) (Figure
4(e)). Mitogen-activated protein kinase 1 (MAPK1)
expression decreased gradually for MCF10A cells by
substrate stiffening (P < 0.05). On the other hand, it
was expressed markedly in the cells seeded on sub-
strates with moderate stiffness for MCF7 and MDA-
MB-231 cell lines (P < 0.0001) (Figure 4(f)). Although,
the matrix metalloproteinase gene expression (MMP1)
decreased for MCF10A and MCF7 cells on the sub-
strates with moderate and stiff substrates compared to
the soft one (P < 0.001 and P < 0.0001 respect/ively),
For MDA-MB-231 cells this expression was boosted
when cultured on the substrates with moderate stiffness
compared to other stiffness values (P < 0.01) (Figure 4
(g)). Human epidermal growth factor receptor 2
(HER2), one of the well-known genes which is up
regulated due to the breast cancer diseases, did not
change for MCF10A after change in substrate stiffness
(P > 0.05) but was over expressed for MCF7 and MDA-
MB-231 cells cultured on the soft and moderate sub-
strates respectively (P < 0.05 and P < 0.001 respectively)
(Figure 4(h)).

Discussion

Biological cells interact with a highly dynamic environ-
ment by which their homeostatic state is defined. Cells
receive chemical and physical stimuli in their micro-
environment and interact with them through signalling
cascades. In vitro studies use custom made substrates to
investigate how different physical, chemical and biolo-
gical characteristics of the substrate influence function-
ality of cells seeded on them. Among different micro-
environmental stimuli, elastic properties of substrates
provide a mechanical cue by which cell behaviours are
engineered. Cells apply traction forces and create local
deformation on the substrates and the neighbouring
cells receive these mechanical signals and respond
accordingly. Hence a strain contour is generated
which depends on the mechanical properties of sub-
strate and location and number of cells [18]. It is of
great importance to notice that when effects of
mechanical properties of the substrates on cultured
cells are surveyed, the cell-substrate interaction
depends on other parameters. As an example, when
cells are confluent, cell-cell contact is the dominant
factor and cells receive lesser signals from neighbouring
cells through the substrate; hence the cell-substrate is a
secondary issue. In current study, such effect was
observed when the density of cells was high enough,
i.e. there was lesser impact of substrate stiffness on cell
behaviour (data not shown). On the other hand, if cell
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density is low, cells are isolated and the long distances
between cells cause cells to receive weak signals from
other cells. This is especially important when substrate
is highly stiff and substrate is less deformed under
conventional traction forces. In such case, neighbour-
ing cells virtually play no role and cells remodel their
structure solely by interaction to the substrate.

There has been a wide range of substrate elastic
modulus investigated by researchers from kPa to

MPa. In addition to the diversity among elastic mod-
ulus within the biological tissues, such variation might
be due to the fact that the micro-mechanical environ-
ment of cells of the target tissues can be considered
both in micro- and macro-scales. Cells synthesise the
ECM and the synthesised fibres adjacent to cells appear
softer compared to the organised tissue level structure.
Hence, regardless of the cell phenotype and the tissue
that cells reside in, different in vitro studies have

Figure 4. Quantification of gene expression of three breast cell lines cultured on prepared substrates with different
rigidities for 2 days using real time PCR. (A, B, C, D, E, F, G, H) Represents relative gene expression of different breast cancer cell
lines cultured on substrates with different elastic moduli. (A) Integrin β1. (B) Integrin β3. (C) E-cadherin. (D) N-cadherin. (E) Moesin.
(F) Mitogen-activated protein kinase 1. (G) Matrix metalloproteinase1. (H) Human epidermal growth factor receptor 2. In each case,
values represent the mean (± SEM) of quantification in three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001 and
****P < 0.0001).
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applied different ranges of elastic moduli for the cell
substrates. Furthermore, there is a broad range of elas-
tic moduli assigned to the biological tissues, from kPa
for soft tissues to GPa for hard tissues depending on the
testing methods [19]. Breast tissue is considered as a
soft tissue in normal conditions. However, with tumour
development, the micro-environmental physical forces
are altered [20], and the breast tissue markedly stiffens
[21]. In general, most of studies that evaluated effects of
substrate stiffness on the behaviour of different cell
lines have used similar monomer to cross liker ratios
for PDMS substrates [22,23].

Substrate induced cell remodelling is through appli-
cation of traction forces on the substrate through focal
adhesion sites and the interactive force caused by
substrate elastic response that is received by adhesion
molecules and transfers to the cell body through
mechanotransductive pathways which in turn causes
cytoskeletal remodelling [24]. In current study, we
believe that the Young’s modulus of stiff substrates
was high enough that cells could not cause noticeable
deformation and the behaviour of cells was less influ-
enced by neighbouring cells. However, for substrates
with moderate and low stiffness values, cells received
signals from neighbouring cells and respond accord-
ingly. In this case cells feel stiffer medium on sub-
strates with moderate stiffness and softer medium on
substrates with low stiffness, hence responded differ-
ently. The mentioned phenomenon might be the rea-
son that some parameters were more influenced by
stiff substrates while other parameters were more
affected by substrates with moderate stiffness. For
example, for stiff substrates parameters which are
directly influenced by cell-substrate such as morphol-
ogy and proliferation were significantly affected. On
the other hand, cell motility which is guided by neigh-
bouring cells through the substrate deformation was
highly manifested on substrates with moderate stiff-
ness and soft substrates. For motility of invasive
MDA-MB-231cells, there were clear differences
(p < 0.0001) among three groups with the highest
motility parameters on substrates with moderate stiff-
ness. Same trend was observed for MCF10A cells
although the differences were not significant. An
exception was observed for the effective distance para-
meter. It should be noted that a lower value of effec-
tive distance does not mean less motility. It might be
due to more fluctuations in the trajectory while the
track length is still higher. For MCF-7cells, there were
no statistical differences among motility related para-
meters between two softer substrates. Hence, we con-
cluded that in general, motility parameters are lower
in stiff substrates compared to other two substrates,

while for other two groups there are no statistical
differences between moderate and soft substrates
with favour for moderate substrates (Figure 3).

Although numerous studies have described bio-
chemical signals which trigger invasion among cancer
cells, fewer studies have investigated biomechanical
cues that regulate cancer cell behaviour, among
which mechanical microenvironments of cells are of
special interest [25–27]. Breast tumours provide rigid
environments that are noticeably stiffer than normal
breast tissue. Breast cancer cells influence their sur-
roundings through a combination of proteolysis
degradation of existing matrix components, secretion
of matrix components, induction of strain-stiffening
and contractility-dependent bundling, and alignment
of ECM fibrils that lead to stiffer ECM [28,29]. To
thoroughly study the role of stiffness of surrounding
matrix on cancer cell behaviours in vitro, here we
examined how substrate elastic modulus, as an impor-
tant mechanical stimulus, modulates a wide range of
behaviours of two breast cell lines with different stages
of invasion as well as normal cells. Alterations in
morphology, proliferation and motility which are cen-
tral metastatic features were investigated and gene
expression was further measured to identify molecular
mechanisms which are responsible for alternation of
these behaviours. Our novel results demonstrated that
vital behaviours of breast cancer cell lines depended
upon the substrate stiffness.

Effects of substrate stiffness on different cells have
been investigated. It is identified that fibroblast cells
have a tendency to migrate from soft to stiff substrates,
a phenomenon known as durotaxis [30]. Furthermore
it has been shown that cell migration speed is related to
the substrate stiffness, although such effect further
depends strongly on the cell phenotype [8,31]. The
expression and activity of some proteins highly depend
on substrate stiffness especially those that are respon-
sible for regulation of cell contractility such as Rho and
ROCK [6]. The functions of these proteins are promi-
nent in many solid tumours [32]. ROCK inhibition
promotes responses of cancer cells to treatments
[33,34]. Interestingly, it was demonstrated that stiff
substrates reduce responses to the treatments similar
to the condition of the cancer cells in vivo [5]. Hence
molecular mechanism that is responsible for resistance
of cancer cells to the treatment may be related to the
Rho and ROCK up regulation due to enhancement in
the elasticity of tumour microenvironment.
Furthermore it was indicated that inhibition of
NMMII which is responsible for cytoskeleton assembly
and contractility eliminated sensitivity of gioblastoma
cells to the stiffness [7]. Alternations in different
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cellular features as observed in this study may partly be
related to the cell contractility which is according to the
model of cellular mechanical receptors. In this model
cells sense their substrate stiffness mainly by integrins
which are transmembrane receptors [35]. Integrins are
connected to the cell cytoskeleton through a network of
intermediate proteins. Cells contract in order to spread,
move or even proliferate through applying traction
forces by the cytoskeleton on the substrates through
integrins. Such contractility is sensed by the substrate
through substrate deformation based on its mechanical
properties and in return affects cell function [36]. The
cell-substrate interaction leads to cell remodelling by
which cell cytoskeleton and subsequently cell beha-
viours are defined. Cells cannot pull and deform stiff
substrates efficiently, hence they generate more con-
traction forces [12,24,30], and highly spread on the
substrate and adapt more surface areas (Figure 1(a)).
In order to clarify the effect of substrate stiffness on
cellular morphology, another cell line was also studied.
MDA-MB-468 is an invasive breast cancer cell line with
specific round morphology when adhere to its substrate
[37]. Surprisingly, these cells adapted triangular shape
and spread visibly on the stiff substrate. The surface
area of these cells was also enhanced noticeably by
substrate stiffening (Supplementary Figure S2). This
confirms a more comprehensive conclusion to show
that cancer invasion is sensitive to substrate stiffness.
Moreover, an interesting feature of this cell line is its
round morphology which is kept in different condi-
tions. It was of interest to observe that even for such
cell line the effects of substrate stiffness on cell mor-
phology (and proliferation) still persists with the same
order of magnitude.

Cell cytoskeleton structure was analysed by phalloi-
din staining among cells cultured on each substrate.
Significant differences were observed for polarisation
ratio of actin structure among cell lines and also
between cells seeded on different substrates. Previous
researches have mainly focused on changes in actin
content of cells when subjected to environmental cues.
Here we believe that actin arrangement and structure
play a key role in cell behaviour in addition to actin
content. It is likely that in specific conditions physical
content of actin decreases but the arrangement of actin
fibres changes in a way that cells produce higher trac-
tion forces due to rearrangement of actin fibres such as
generation of stress fibres. As an example, it is well
known that cancerous cells are softer, but there are
supporting evidences that suggest cancer cells have
higher traction forces compared to the normal cells
[3,38–40]. The cell softening might be related to lower
actin content, while higher traction forces might be due

to enhanced actin structure and generation of stress
fibees in cortex region of cells which is the major site
for cell motility. Hence the higher polarisation is not
necessarily equivalent to more actin fibres, whereas
altered structure of actin might contribute as well.
Here we found that the arrangement of actin structure
as it is measured by anisotropic ratio was more aniso-
tropic for cancerous cells with high invasiveness, i.e.
more parallel fibres (leading to more anisotropic
fibrous structure). Cells seeded on soft and moderate
substrates which enhance cell motility formed stress
fibres in cell cortex close to the membrane and focal
adhesion sites (Figure 2). While an isotropic actin
structure within the cell body with generation of stress
fibres enhances cell traction force, a cell body with
improved actin structure near the membrane and in
adherent points indicates enhanced cell motility
(Figure 3).

Effects of substrate stiffening on cell behaviour
depend on the type of cells, since different cell pheno-
types produce different traction forces depending on
their cytoskeleton structure. Previous data have shown
that substrate stiffening reduced cell motility of normal
fiboblast cells [41], and modulated the motility of
smooth muscle cells and MDA-MB-231 cells in the
biphasic trend [8,42]. According to the recent model
of cell migration, it has been shown that intermediate
matrix stiffness is optimal for cell invasion [43], similar
to our results as we obtained higher motility for MDA-
MB-231 cells when they were cultured on substrates
with moderate stiffness (Figure 3). It has been indicated
that cells on stiff substrates spread more and hence
form stable focal adhesions leading to reduction in the
cell velocity [42].

There is a model of the cell translocation based on
five steps among which cells move from one location to
another [44]. These five steps are cell polarisation and
cytoplasm membrane protrusion at the front, forma-
tion of strong adhesions with the substrate, cell body
translocation and detachment of the rear part of the cell
[41]. On the soft substrate, these phenomena are wea-
kened resulting in reduced cell motility (Figure 3),
hence in general, substrates with moderate stiffness
provide higher motility. On the soft substrate, there is
a tendency of the cells to move towards each other as
we observed in the live cells imaging [30]. Detailed cell
movements in each substrate are presented in supple-
mentary information and movies.

Cell proliferation was another parameter depending
on the stiffness as it increased evidently on the stiffer
substrates (Figure 1(b,c)). Stiff substrates with almost
no deformability under traction forces lead to a more
proliferative phenotype, however substrates with
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moderate stiffness and soft substrates result in higher
motility with lower proliferation [45,46]. Cells do not
tend to keep track on the stiff substrate according to the
previous data, hence this leads to shorter effective dis-
tance on the stiff substrate [41] (Figure 3(c)). Higher
proliferation on stiffer substrates has also been
observed in other cell types [16,23]. It seems that sub-
strate stiffening enhances cell cycle progression during
mitosis [47]. Cell cycle progression in mammalian cells
is strictly regulated by integrin-mediated adhesion to
the extracellular matrix [48], as it was confirmed by
gene expression analysis (Figure 4), and cell spreading
through enhanced focal adhesion sites (Figures 1(d)
and 2). The increased Induction of cell proliferation
mainly occurs by activating extracellular signal-regu-
lated kinase (ERK), RhoGTPase, and NMMII-based
contractility by increasing substrate stiffness [7]. These
mitogen pathways are partly inhibited on soft
substrates.

Effects of substrate stiffness on cell behaviour were
evident among all examined cell lines. Cancerous cells
were more sensitive to substrate stiffness for cell beha-
viours which were related to cell motility and migration
which are necessary for invasion. The invasive cancer-
ous cells have the highest sensitivity to all three motility
parameters followed by non-invasive cancerous cells.
This was further confirmed by actin structure in
which more distinct structures were observed for can-
cerous cells seeded on different substrates. Each sub-
strate with a defined stiffness results in a specific actin
polarisation [49] as was confirmed by our results
among all three cell lines using Fibril tool. Rich actin
content in the cell cortex and focal adhesion sites,
together with more organised fibres in the cell body
necessary for cell movement [50] and invasion were
observed on substrates with optimised stiffness for
cancerous cells, specifically for invasive cells. The
highly invasive MDA-MB-231 cells developed broader
lamellipodia than non-invasive MCF7 cells (Figures 1
(a,d) and 2). The marked variation of motility of MDA-
MB-231 cells on the substrates with different stiffness
values indicates that this cell line is highly responsive to
the substrate stiffness. It has been suggested that the
strong signalling between neighbouring cells through
the substrate caused actin organisation and orientation
[12]. The normal cells were least sensitive to substrate
stiffness for motility related parameters, however they
were more sensitive to cell spreading as an indication of
firm adhesion of MCF10A normal breast cell lines
compared to cancerous cells [51].

The expression of adhesion markers, ITGB1,
CADH1, which regulate adhesion of cells to the sub-
strate and neighbouring cells was gradually enhanced

by substrate stiffening (Figure 4). This is probably
related to higher spreading which elevates the number
of cell-substrate adhesion bonds, and increased cell
traction forces that together enhance cell adhesion abil-
ity to the substrate [52,53]. Additionally cell-cell ten-
sion forces is proportional to cell-ECM traction forces
[54]. Increase in expression of adhesion genes leads to
higher proliferation because of marked effects on cell
cycles (Figure 1(b,c)) [48,55].

Cadherin family provides adhesion between neigh-
bouring epithelial cells. E-cadherin provides more cell-
cell adhesion forces than N-cadherin [17,56]. In cancer
development, E-cadherins are usually suppressed and
N-cadherins are expressed more [17]. The reduced
expression of E-cadherin and increased expression of
N-cadherin in the substrate with different stiffness
values (Figure 4(c,d)) accelerates cell disconnection
and invasion of malignant cells, which is required for
the invasive cells during metastatic phase [56,57].

Moesin gene produce a protein which connects the
plasma membrane and actin structure. Meosin localis-
ing in filopodia is required for cell–cell connection and
migration [58,59]. As it was demonstrated in SEM and
confocal images, cells on soft substrates and substrates
with moderate stiffness developed shorter, yet numer-
ous filopodia which are necessary for cell motility.
Hence it is expected that MSN and moesin relative
expression are enhanced on the soft substrate (Figure
4(e)). Moesin is also part of a gene expression signature
associated with cell motility and invasion [60], here our
results confirm lower motility of cells on stiff substrates
while express less moesin (Figure 3). It has also been
demonstrated that decreased level of MSN gene
increases patient survival in the cancer disease and
has an established role in cancer cell chemosensitivity,
metastasis and in epithelial-mesenchymal transition of
breast cancer cells [61].

The mechanotransductive cascades responsible for
stiffness sensing have been suggested to be through a
FAK–Rho–ERK signalling network. Extracellular sig-
nal-regulated kinase (ERK) also known as MAP kinases
regulate cellular responses to mechanical stimuli [62];
and influence cell migration [63]. They are expressed at
higher levels in various tumours of epithelial origin
compared to corresponding normal tissues [64]. The
MAPK1 gene expression was gradually reduced by sub-
strate stiffening for normal breast cell line (MCF10A),
although for cancerous cells the highest expressions
occurred on substrates with moderate stiffness (Figure
4(f)). Matrix metalloproteinases (MMPs) have a direct
implication in carcinogenesis. Moreover, they have a
pivotal role in cancer development and metastasis and
are targets for the future therapy [65]. MMP1 especially
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direct breast cancer cell line metastasis to the lung and
bone [66,67] and its inhibition suppresses the migra-
tion capacity of the cells [68,69]. This gene expression
varied in breast cell lines by stiffening of the substrate
(Figure 4(g)). This might be another mechanism for
higher motility and speed of surveyed cells on soft
substrates compared to the stiff one (Figure 3). HER2
(human epidermal growth factor receptor 2) plays a
role in the development of breast cancer and is ampli-
fied in 25 to 30 percent of breast cancers and in these
cases the encoded protein exists in abnormally high
levels in the malignant cells. Laboratory studies specify
that HER2 overexpression has a direct role in the
pathogenesis of breast cancer [70], and patients that
overexpress HER2 have an invasive type of the disease
with meaningfully shortened life survival [71]. The
fluctuation of the expression of this marker (Figure 4
(h)) was according to the motility responses of MCF7
and MDA-MB-231 cell lines to the substrate stiffness
variation (Figure 3). Interestingly for studied genes,
MCF10A as the normal breast cell lines was less sensi-
tive to the substrate stiffness variation rather than can-
cerous cell types.

Finally comparing cell lines, it was shown that sub-
strate stiffness influences cell behaviour among healthy
and cancerous breast cells. Although normal cells were
treated with a more nutrient media, cancerous cells
were more prone to the influence of substrate stiffness.
When a cell line is cultured in a nutrient media, it
become fresher and stay healthier, this lead to be
more responsive to its microenvironment.
Considering that the major aim of this study was to
compare cancer cell lines with different invasive poten-
tials, even assuming a more nutrient media for
MCF10A cells, their response to substrate stiffness
was virtually weaker than cancerous cells.

Conclusions

In conclusion, here we compared a wide range of cell
behaviours between normal and cancerous breast cells
on substrates with different elastic moduli. In all mea-
sured parameters, we observed that the effects of sub-
strate stiffness on invasion related cell behaviours such
as cell motility and migration were more dominant for
cancerous breast cell lines compared to normal cell
lines. Aside from different culture media, this differ-
ence may be related to the fact that substrate sensing
approach for cancer cells are different from normal
ones [72].

Cancer cells function in tissues with different micro-
mechanical environment to form tumorus and they are
less prone to structural remodelling in this phase until

they detach from the tumour and journey in metastatic
phase. To invade to other tissues, they undergo marked
structural changes to achieve cell deformability and
high motility necessary for extravasation and intravasa-
tion. Such alterations are through a highly distributed
actin structure within cell body with lesser stress fibres
and diverse focal adhesions (Figure 2). Cancer cells,
especially invasive cells form lamellipodia which consist
of focal adhesions as the main sites of mechanotrans-
duction (Figure 1(c)). In normal cells podosomes are
main structure for adhesion, as they consist of focal
adhesions and proteins [73]. Although podosomes and
lamellipodia contain lots of common molecular com-
ponents, podosomes consist of more adhesive mole-
cules than lamellipodia [51]. These differences
between normal and cancerous breast cell lines may
be contributed to the fact that they were less sensitive
to their microenvironment stiffness.

Normal epithelial cells were less sensitive to sub-
strate stiffness for cell motility behaviours even when
they were provided a more nutrient medium. Hence it
can be inferred that that cancerous cells were more
sensitive to substrate stiffness in that manner.
Although normal cells are less sensitive to substrate
stiffening, our results indicated that alterations in
mechanical properties of substrates still cause statisti-
cally significant changes in some cell behaviours.
Results can assist in combination with traditional can-
cer treatment strategies to enhance efficacy of treat-
ment methods.

Methods/materials

To examine effects of substrate stiffness on the behaviour
of adhesive cells, it is important to use a substrate with
tunable stiffness without changing other chemical and
physical properties. By controlling the ratio of polymer
to crosslinking agent in poly dimethylsiloxane substrates
(PDMS), a wide range of elastic modulus can be achieved
with negligible changes in other properties [41]. Here we
fabricated PDMS substrates with three elastic moduli to
study the behaviour of normal and two cancer cell lines
with different invasive potentials. Substrates were synthe-
sised and were coated by a thin layer of collagen type I to
provide appropriate cell adherence. To make sure that
cells sense the stiffness of substrates, the coated layer
was manipulated to be thin enough. After 48 hours of
culture on PDMS substrates a wide range of cell behaviors
including morphology and cytoskeleton structure, prolif-
eration, and gene expression were examined for all three
cell lines. Furthermore, cell motility, a behaviour highly
influential in cancer invasion was thoroughly investigated.

482 A. ANSARDAMAVANDI ET AL.



Synthesis and characterisation of PDMS substrates

Previously established method was followed for fabri-
cating PDMS substrates with different elastic moduli
[74]. Substrates were prepared using sylgard 184 (Dow
Corning, USA) with different mixing base:curing agent
ratios of 10:1, 50:1, 75:1. The mixtures were degassed in
10 mbar for 10 minutes, followed by baking for 48h at
90°C. The cured mixtures were exposed to UV for
30 minutes. The prepared substrates were functiona-
lized with collagen type 1 (Sigmaaldrich, USA) with
density of 0.5 mg/mL to achieve a coated surface with
a thin layer of collagen which increases cellular adhe-
sive ability to the PDMS surface while does not affect
its surface mechanical characteristics [75]. The collagen
coating was performed according to the published
research [75]. Briefly, on each substrate, collagen type
one diluted with PBS with density of 0.5 mg/mL was
deposited and incubated at room temperature for 24h.
After incubation, the excessive collagen solution was
removed and washed three times with PBS abundantly.
This led to surface modification of PDMS substrate
which enhanced cell viability [75,76], while the thin
coating layer did not affect the stiffness of the substrate.

Characterisation of PDMS substrates

Stiffer substrates are more resistive to deformation
when exposed to external loads. Young’s elastic mod-
ulus (E) of materials, as a determinant of such resis-
tance, is measured by applying a uniaxial tensile force
to a standard sample with specific cross-sectional area
and measuring the relative change in the sample length
(strain). If the relation of tensile stress (force per area)
and tensile strain is relatively linear, E is calculated by
the slope of the fitted line relating stress to strain. To
evaluate elastic modulus of PDMS substrate, a universal
testing machine was used for obtaining elastic modulus
of each mixing ratio (10:1, 50:1, 75:1) according to
ASTM D3185-06 [77,78]. The different ratios of mono-
mer to cross linker, 10:1 and 50:1 and 75:1, lead to the
different elasticity of 640 kPa, 40 kPa and 10 kPa
respectively.

Cell culture

Human mammary cell lines MCF10A, MCF7, and
MDA-MB-231 were provided from National Cell
Bank of Iran (Pasteur Institute of Iran, Tehran, Iran)
and used for culturing on substrates with different
elastic moduli. MCF10A cells were cultured in
DMEM/F12 medium (Invitrogen, USA). Horse serum
(Invitrogen, USA), epidermal growth factor (EGF)

(Sigma, USA), hydrocortisone (Sigma, USA), cholera
toxin (Sigma, USA), insulin (Sigma, USA) and pen/
strep (Invitrogen, USA) were added to the medium
according to the available protocol [79].

MCF7 and MDA-MB-231 cells were cultured in
RPMI medium (Gibco, USA) supplemented by 10%
foetal bovine serum (FBS) (Invitrogen, USA), penicil-
lin/streptomycin (Invitrogen, USA) and L-glutamine
(Sigma, USA).

The selection of different culture media is according
to the fact that the behaviour of cells differs when their
culturing media change. This effect is prominent when
cells are cultured in the different media of other cell
lines which yields to influencing enzyme activity and
metabolic rates [80]. Here we kept the basal culture
medium constant (RPMI-1640, FBS10%), however
according to prescribed protocols [7, 8], for ordinary
function of MCF10A cells, extra ingredients were pro-
vided. This is due to the fact that if MCF10A cell line is
cultured on RPMI media, it becomes old and its viabi-
lity decreases. This results in becoming less responsive
to the microenvironment.

MCF10A cells are normal breast cell lines, and
MCF7 and MDA-MB-231 cells are categorised as
non-invasive and invasive cancerous cells respectively
[81]. After adequate cell growing in T25 flasks (about a
confluence of 80%), cells were removed by trypsiniza-
tion under 3 minutes (Sigma, USA) and were trans-
ferred to the prepared substrate coated with collagen
type 1. The behaviours of cell lines were investigated
after 48h culturing on each PDMS substrate.

To better investigate morphological alternation due
to the substrate stiffening, another invasive breast cell
line, MDA-MB-468, was also studied [37]. These cells
were also cultured in RPMI medium (Gibco, USA)
supplemented by 10% foetal bovine serum (FBS)
(Invitrogen, USA), penicillin/streptomycin (Invitrogen,
USA) and L-glutamine (Sigma, USA).

Optical microscopy and morphometric analysis

Morphology assessment was carried out after 48 h of
cell seeding with non-confluent density on collagen
coated PDMS substrates with different elastic moduli.
An inverted Nikon TE2000-E2 microscope equipped
with a digital microscope camera was used to capture
at least 100 images of each type of cells on each sub-
strate. Using Image J software (http://rsb.info.nih.gov/
ij/, NIH), the area of at least ten cells in each image was
quantified. A uniform background subtraction to the
entire image and subsequent adjustments to the bright-
ness and contrast were applied as necessary.
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Scanning electron microscopy (SEM)

To analyse alternations in the morphology of cells due
to substrate elastic properties more accurately, cells
were cultured on synthesised substrates at non-conflu-
ent density for 48 h and then were fixed by 4% glutar-
aldehyde (Sigma, USA) diluted with phosphate buffer
saline (PBS) (Gibco, USA) for approximately 30 min at
the room temperature. The images were captured by
scanning electron microscope (Seron Technologies,
AIS2300C, South Korea). Samples were coated by gold
and the voltage was set at 20 kV.

Actin cytoskeletal staining

To examine cytoskeleton structure of cells, actin stain-
ing was performed on samples cultured on substrates
with different elastic moduli. Cells were cultured on
prepared substrates for 48h and then they were fixed
by 4% paraformaldehyde for approximately 20 min at
the room temperature. Then Cells were washed three
times with PBS and placed in 0.1% Triton-X100
(Merck, Germany) in PBS for 20 minutes to create
permeability in cells. Cells were then washed three
times with PBS and immersed in 1% BSA in PBS for
30 minutes. Phalloidin-FITC (Invitrogen, USA) stain-
ing was placed on each sample for 1h. After actin
staining, cells were further washed three times with
PBS. Finally, cell images were recorded by confocal
microscope equipped with TCS SPS microscope (Leica
Microsystem GmbH, Germany).

To further quantify actin structure of cells, actin
anisotropy was quantified using Fibril tool as a NIH
ImageJ plugin. The periphery of at least 15 cells were
outlined as the region of interest on each substrate and
actin polarisation was surveyed according to the pub-
lished protocol [82]. The actin polarisation ratio was
calculated as a number between 0 and 1, in which 1
describes highly polarised anisotropic structure, i.e.
more parallel actin fibres (leading to more anisotropic
fibrous structure) compared to random distributed and
mesh like actin fibres indicating isotropic network.

Cell proliferation analysis

To examine proliferation of cancer cell lines on differ-
ent substrates, a calorimetric method of MTT was used
[83]. Cells were cultured at a non-confluent density of
5000 cells

cm2 for 48 h in each prepared substrate. Then, the
culture medium was removed and substrates were
rinsed in PBS followed by addition of 1 mL MTT
reagent on each substrate, enough to cover the surface
of culturing bed. Cells were incubated for 4h until

purple precipitate formed, representing living cells. To
solve purple precipitate, the remaining colour was
extracted and isopropanol alcohol was added on the
surface of each substrate for 20 minutes at room tem-
perature. Finally, absorbance length was recorded at
570 nm.

Since substrate stiffness may have direct effects on
metabolic activity as MTT assay detects cell metabolic
activity, we further performed direct cell counting with
the use of trypan blue (Gibco, USA) on each substrate
after 48h of cell culture. The proliferation index was
obtained by dividing number of cells after culture per-
iod to the number of primary cells at the time zero.
Cells were cultured with the number of 50,000 cells in
each well of 6 well plates in the first day of culture.

Analysis and quantification of cell motility

To analyse cell motility new parameters were introduced
to show how far and with what pattern cells migrated on
different substrates. Since this requires live cell imaging, a
mini-fluorescent microscope capable of operating inside a
CO2 incubator equipped with a 4x objective lens (Ziess,
Germany) and a digital microscope camera was designed
and manufactured. Cells were cultured on synthesised
substrates for 24h before imaging. Phase contrast time-
lapse images were acquired on optional time intervals
over 5h. To monitor cell movement, for each field of
view at least 40 cells were specified and the periphery of
each cell was used as an object. The coordinates of the
mass centre of each cell body was located using Image J
software. The coordinates of cell mass centres throughout
the time sequence were calculated and were used for
obtaining cell movement parameters. Three different
parameters were introduced and calculated from the
resultant images. To quantify cellular track length, the
trajectory of each cell was monitored and the displace-
ment of each moving cell was collected every 15 minutes
over 5 hours. To obtain speed of motility, cell track length
within 5 hours was divided by the time as the average
velocity of cell motility. The ‘effective distance’ was intro-
duced as the direct distance between the initial and last
location of cells, indicating how far cells scattered from
the initial location. Hence the initial location at time zero
and the end location after 5 hours were specified as the
primary and secondary locations respectively.

cDNA synthesis and real-time PCR

To examine alterations in gene expression among
breast cancer cell lines as a result of the change in
substrate stiffness, cells were cultured on each prepared
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substrate for 48h after the primary adhesion. Then, the
total RNA was extracted with the RNeasy plus mini kit
(Qiagen, USA). After determining optical density of
extracted RNA, they were reversely transcribed to
cDNA (Qiagen, USA). A total of nine genes of interest
and one housekeeping gene (GAPDH) were analysed.

Integrins are cell surface adhesion receptors which
connect the cellular cytoskeleton and the connecting
signalling pathways to molecules of the extra-cellular
matrix (ECM). The expressions of ITGB1 (integrin β1)
and ITGB3 (integrin β3), as the major markers that
demonstrate cellular adhesion capability to the sub-
strate [84], were analysed. Cadherins are a family of
markers that represent cell-cell adhesion among which
the expression levels of E-cadherin (CADH1) and
N-cadherin (CADH2) as major markers [85], were
quantified. Other quantified genes were further related
to the cancer invasiveness and metastasis. Moesin is
localised in filopodia and other membranous protru-
sions that are important for cell-cell recognition and
signalling, and cell movement [86]. Mitogen-activated
protein kinase 1 (MAPK1) is a gene that encodes a
protein that belongs to the MAP kinase family.
MMP1 encodes a member of the peptidase M10 family
of matrix metalloproteinase (MMPs). These proteins
have the specific role to decompose the extracellular
matrix in normal biological flow and disease develop-
ment [65]. Further markers with functions in several
cell signalling processes such as proliferation, differen-
tiation, transcriptional regulation, and cellular develop-
ment were examined [87], among which HER2 (human
epidermal growth factor receptor 2) plays an essential
role in the development of breast cancer. Normally,
HER2 receptors are involved in control of healthy
breast cell growth, division, and repair. However,
among some breast cancers, malfunction of HER2 mar-
ker is observed, a condition known as HER2 gene
amplification in which the extra HER2 agents are
responsible for extra HER2 receptors and subsequently
HER2 overexpression. This causes uncontrolled growth
and division of breast cells [88].

The SYBR green primers sequence were either
designed using the primer express software v3.0.1

(Applied Biosystems, USA) or obtained from available
data and were checked by the Primerblast software
(http://ncbi.nlm.nih.gov/tools/primer-blast, NCBI). The
forward and reverse sequences with their references are
presented in details in Table 1. The comparative cycle
threshold method was applied to quantify expression
levels. For each cell line cultured on each substrate at
least three experiments were performed in duplicates.

Statistical analysis

Data were presented as mean ± standard error. Each
parameter was measured in three independent experi-
ments. For analysing cell surface area, actin staining
and cell movement parameters at least fifteen cells
were examined in each independent experiment
related to each substrate stiffness. To examine effects
of substrate stiffness among groups with three differ-
ent substrates and different cell lines one-way
ANOVA was performed for verification of statistical
significance. Bonferroni’s multiple comparison test in
addition to multi variable ANOVA was performed in
order to compare variables for each cell line on
different substrates and for each substrate between
three cell lines. An exception was for real time gene
expression which is described as relative for each cell
line. The significant alteration in parameters was
reported when the calculated p value was less
than 0.05.
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Table 1. Forward and reverse primer sequences.
Genes Forward primers Reverse primers Reference

GAPDH GGTGTGAACCATGAGAAGTATGA GAGTCCTTCCACGATACCAAAG Design
ITGβ1 CAGTTCAGTTTGCTGTGTGTTTGCTC CCCACAATTTGGCCCTGCTTGTAT Design
ITGβ3 CATTACTCTGCCTCCACTACCA AACGGATTTTCCCATAAGCA [89]
CADH1 TACACTGCCCAGGAGCCAGA TGGCACCAGTGTCCGGATTA [90]
CADH2 TGAAGGTTTGCCAGTGTGACT CAGCACAAGGATAAGCAGGATGAT [91]
MSN GAAATTTGTCATCAAGCCCATTG CCATGCACAAGGCCAAGAT [92]
MAPK TCTGGCAGGCAGGCAGGCAAT TGACCGGGAGGAGGAAGGAAGA Design
MMP1 CTGGCCACAACTGCCAAATG CTGTCCCTGAACAGCCCAGTACTTA [93]
HER-2 AGACGAAGCATACGTGA GTACGAGCCGCACATC [94]
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