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In many solid tumours a desmoplastic reaction takes place, which results in
tumour tissue stiffening due to the extensive production of extracellular
matrix (ECM) proteins, such as collagen, by stromal cells, mainly fibroblasts
(FBs) and cancer-associated fibroblasts (CAFs). In this study, we investigated
the effect of collagen stiffness on pancreatic FBs and CAFs, particularly on
specific cytoskeleton properties and gene expression involved in tumour
invasion. We found that cells become stiffer when they are cultured on
stiff substrates and express higher levels of alpha-smooth muscle actin
(a-SMA). Also, it was confirmed that on stiff substrates, CAFs are softer
than FBs, while on soft substrates they have comparable Young’s moduli.
Furthermore, the number of spread FBs and CAFs was higher in stiffer
substrates, which was also confirmed by Ras-related C3 botulinum toxin
substrate 1 (RACI) mRNA expression, which mediates cell spreading.
Although stress fibres in FBs become more oriented on stiff substrates,
CAFs have oriented stress fibres regardless of substrate stiffness. Sub-
sequently, we demonstrated that cells” invasion has a differential response
to stiffness, which was associated with regulation of Ras homologue
family member (RhoA) and Rho-associated, coiled-coil containing protein
kinase 1 (ROCK-1) mRNA expression. Overall, our results demonstrate
that collagen stiffness modulates FBs and CAFs cytoskeleton remodelling
and alters their invasion properties.

1. Introduction

In many malignant tumours, including tumours of the pancreas, colon and
breast, a desmoplastic reaction is known to take place during progression
[1,2]. Tumour desmoplasia is a cancer-specific type of fibrosis characterized
by extensive production of extracellular matrix (ECM) proteins, such as collagen
type I by tumour stromal cells, mainly fibroblasts (FBs) and cancer-associated
fibroblasts (CAFs) [1]. As a result, desmoplasia stiffens the tumour tissue
and thus, increases the compressive mechanical forces in the tumour’s interior
[3-5]. Although it has long been known that this fibrotic response inhibits drug
delivery and enhances tumour progression and metastasis, the exact underlying
mechanisms are still unclear [6,7].

ECM stiffening and transforming growth factor-B (TGF-B) activation
contribute to the conversion of FBs to activated, contractile myofibroblasts,
also known as CAFs in the case of the tumour microenvironment [8].
CAFs further stimulate synthesis of ECM proteins reinforcing desmoplasia
and tumour stiffening [8,9]. Matrix stiffening, in turn, causes an increase in
TGEF-B activation [8,10], which further promotes FB conversion [11] suggesting
a positive feedback loop. Apart from CAFs, interactions of FBs with cancer cells
and the ECM also play a crucial role in tumour progression [12]. Nevertheless,
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the effect of ECM stiffening has not, so far, been investigated
in relation to morphodynamic, cytoskeletal or biophysical
alterations of pancreatic stromal cells, which ultimately
affect fundamental cellular processes related to cancer cell
metastasis such as cell motility, adhesion and invasion into
surrounding matrix [13,14].

In the present work, two (2D) and three (3D) dimen-
sional collagen ECM models with varying collagen
concentrations and thus, tunable stiffness were developed.
In addition, atomic force microscopy (AFM), image proces-
sing techniques, in vitro cellular assays, including spreading
and invasion assays, and molecular approaches, such as
real-time polymerase chain reaction (PCR), were employed
in order to investigate the effect of collagen stiffness on
pancreatic FBs and CAFs. Finally, we study the effect of
stiffness in the presence of TGF-B. Defining the mechanistic
interactions between ECM stiffness and FBs/CAFs, can pro-
vide the basis for the development of novel treatments that
target stromal components to reduce desmoplasia and
improve drug delivery and efficacy [9,15-17].

2. Material and methods
2.1. Cell culture

Commercially available pancreatic native human FBs and
CAFs (cat. nos. SCO0A5 and CAFO8, respectively, Neuromics)
were cultured in MSC-GRO (VitroPlus III, low serum, complete,
cat. no. SC00B1, Neuromics) medium in a 5% CO,-incubator
at 37°C.

2.2. Fixation and permeabilization

Cells were first fixed with 4% paraformaldehyde (PFA, cat. no.
P6148, Sigma) for 20 min and then a permeabilization buffer
containing phosphate-buffered saline (PBS, cat. no. LM-52041,
biosera), 2 mg ml~! bovine serum albumin (cat. no. A2153,
Sigma), and 0.1% Triton X-100 (cat. no. 9002-93-1, Sigma) was
used for permeabilizing the cell membranes.

2.3. Cell immunostaining

The o-smooth muscle actin (a-SMA) expression of cells
was assessed by staining with anti-a-SMA antibody (cat. no.
ab5694, Abcam) and Alexa 647 anti-rabbit antibody (cat. no.
ab150079, Abcam) as the secondary antibody. Briefly, cells
were fixed with 4% PFA, washed with permeabilization buffer
and incubated overnight at 4°C with anti-a-SMA antibody.
Samples were then washed three times with the permeabilization
buffer and incubated with Alexa 647 anti-rabbit secondary
antibody for 1h at room temperature. Finally, cells were
washed again three times with the permeabilization buffer and
incubated for 2 min with 4',6-diamidino-2-phenylindole (DAPI,
cat. no. 10236276001 ROCHE, Sigma).

For staining actin stress fibres, the above protocol was fol-
lowed with a minor change. Cells were incubated with
phalloidin (cat. no. 00027, Biotium) for 1 h at room temperature
and no secondary antibody was added.

All coverslips were then mounted on a slide and observed
under an Olympus BX53 fluorescent microscope equipped with
an Olympus XM10 Monochrome CCD camera (1.4 megapixels)
and UPLanFLN microscope objective lenses (40x/0.75 and
100x /1.30 oil). Also, appropriate Chroma Technology filters
were employed for imaging DAPI, a-SMA and phalloidin,
namely the 49000 ET-DAPI (ex. 359 nm, em. 481 nm), the 49006
ET-Cy5 (excitation: 649 nm, emission: 679 nm) and the 49004
ET-Cy3 (ex. 552 nm, em. 579 nm), respectively.

2.4. Stress fibres

The freeware tool FilamentSensor [18] was used to characterize the
actin stress fibres from fluorescent images of phalloidin-stained
cells. The F-actin filament structure of FBs and CAFs cultured
on collagen substrates with different stiffness was reconstructed
(different fibre orientations were represented with different col-
ours) using the FilamentSensor tool. Stress fibre orientation was
assessed using the order parameter S = cos26 [19], where 6 is
the angle formed between each stress fibre of the cell with the
long axis of the fitted ellipse. An isotropic cytoskeleton should
have S =0 and a fully aligned (along the major axis of the cell)
cytoskeleton should have 1. Therefore, the higher the value of
S, the more oriented the fibres become.

2.5. Spreading

FBs and CAFs were cultured on 24-well plates and incubated at 37°C
for 30 and 40 min, respectively. The time point chosen for each cell
line was the one at which approximately 50% of cells had spread
[20]. For assessing cell morphology, cells were fixed in 4% PFA
(cat. no. P6148, Sigma) and imaged with an Eclipse TS100 inverted
microscope equipped with a digital camera (Olympus XC50 Color
CCD camera, 5 megapixel) and a Nikon Phl DL 10x 0.25 phase
microscope objective lens. We used the optical microscope images
from the spread cells so as to measure the cells’ circularity and in
order to obtain quantified results from the cell spreading assay.
The circularity is defined as circularity = 4((area)/ (perimeter)z)
and it was measured using Image] (NIH). Image] calculates the cir-
cularity in the range of 0—1, where 1 is completely circular and 0 is
highly polarized. The cells were divided into three subclasses:
rounded (circularity = 0.66-1.0), half rounded (0.33-0.66) and
completely spread (0-0.33). For quantifying the percentage of
spread cells, at least 300 cells from five randomly selected fields
were assessed. Three independent experiments were performed
and results represent mean values from all three experiments.

2.6. Collagen | substrates (two-dimensional
collagen substrates)

Type I collagen solution from rat tail (cat. no. C3867, Sigma) was
mixed with 10% 10x minimal essential medium (MEM, cat. no.
21430020, Gibco) and distilled water so as to get a final collagen
concentration of 0.5, 1.0 and 3.0 mg ml~'. The pH was adjusted
to 7.4 by adding IN NaOH. Then, 13 mm glass coverslips
(cat. no. L46R13, Agar Scientific) or 35mm Petri dishes
(Thermo Scientific) were coated with 200 ul of the collagen
solution and incubated at 37C° for at least 30 min.

2.7. Three-dimensional collagen | gels

In order to form 3D collagen I gels of desired concentration and
consequently of different stiffness we used a modification of
previously published protocols [21,22]. Briefly, we added the
desired amount of a high concentration collagen I solution (cat.
no. 354249, Corning) so as to get a final collagen concentration of
0.5, 1.0 or 3.0mg ml ™}, in a solution containing 10% 10x MEM
(cat. no. 21430-020, Gibco), 1% human insulin solution (cat. no.
19278, Sigma), and distilled water. Then the pH was adjusted to
7.4 by adding IN NaOH and the gels were allowed to solidify.

2.8. Atomic force microscopy

2.8.1. Collagen gels imaging

For imaging collagen I gels with AFM, 90 pl of the collagen
solution (of the desired concentration), was flushed on 13 mm
circular glass cover glasses (cat. no. AGL46R13, Agar Scientific).
The samples were then incubated in a cell culture incubator for
30 min. Afterwards the samples were mounted on 15mm
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specimen AFM metal discs (cat. no. AGF7003, Agar Scientific)
with double-sided adhesive tape and then they were left in
room temperature for air drying. For high resolution imaging
of collagen gels, AFM images of the samples were obtained in
air using a Cypher ES™ Environmental AFM microscope
(Asylum Research) in intermittent (also named tapping) mode
with AC160TS AFM probes (Olympus). The images were ana-
lysed using the ARgyle Light (Asylum Research, ver.
20113.1.4.9) and the WSxM 5.0 dev.2.1 [23] software. All
images were acquired at a fixed resolution (512 x 512 data
points) with scan rate between 0.5 and 1 Hz.

2.8.2. Mechanical properties characterization of live cells

Cells were cultured in 35 mm Petri dishes coated with collagen
of different concentrations for 2 days in their culture medium.
Before the AFM experiments, cells were washed twice with
PBS, new complete culturing media was added, and were incu-
bated in a cell culture incubator for 30 min. Petri dishes were
then directly mounted on AFM sample plates. Young’s modulus
of cells was acquired by using the PicoPlus AFM system with
silicon nitride probes with a round, ball-shape tip (CP-PNPL-
BSG-A-5, sQube, 0.08 Nm™! spring constant). The cells
Young’s modulus was assessed by acquiring 8 x 8 points of
force curves in an area of 5 X 5 um near the centre of the cells
(electronic supplementary material, figure S1) and by using the
Hertz model (Poisson ratio equal to 0.5) and the freeware
software Atomic]. For the AFM nanoindentation technique a
set point of 1nN normal force at a 2 pm s~ ' rate on each of the
studied cells was used, while the maximum indentation depth
was set to 600 nm. The experiments were performed in less
than 40 min per experiment and at least 30 live cells per
condition from three independent experiments were studied.
Finally, attention was paid so that FBs and CAFs in all exper-
imental conditions were handled in the same way, using the
same AFM tips, indenting force, culture media and culture
density.

2.8.3. Mechanical properties characterization of collagen

substrates and collagen gels

For AFM mechanical properties characterization of the collagen I
gels and substrates the PicoPlus AFM system with V-shaped
silicon nitride probes (PNP-TR, Nanoword, 0.32 N m! spring
constant) was used. All AFM experiments were obtained at
room temperature under liquid (PBS) conditions. In an area of
5 x 5 um, 8 x 8 points of force curves were collected and ana-
lysed by Atomic] [24] so as to calculate the sample’s Young's
modulus using the Hertz model. The spring constant of all tips
that were used in the study was assessed with the thermal
tune method.

2.9. Assessment of collagen fibres diameters

For assessing collagen fibre diameter, AFM images were analysed
using the WSXM software. A 8 x 8 grid was overlaid onto the col-
lected images and fibre diameter was measured for all fibres within
the grid-cells [25]. Collagen fibres that were extended in neigh-
bouring grid-cells were measured only once. For each collagen
sample, the histogram of fibre diameters was compiled to display
the frequency of occurrence of each fibre diameter.

2.10. Cell spheroid formation

For the formation of FB and CAF spheroids the ‘hanging drop’
technique was used as described previously [21,22]. Briefly, after
a 2 day incubation period in Petri dishes with pure medium or
medium containing TGF-B (5 pg ml '), FBs and CAFs were col-
lected by trypsinization and put in suspension at a concentration

of 2.5 x 10* cells ml . Hanging drops containing 500 cells each
were formed on the inside of the cover of a culture dish.

2.11. Invasion assay

Formed spheroids were transferred with a glass Pasteur pipette
into wells of a 96-well plate containing 0.5, 1.0, and 3.0 mg ml ™"
collagen I gel. A Nikon Eclipse optical microscope, equipped
with a CCD camera, was used to image the spheroids at time
zero (immediately after spheroid transfer) and after 6 h incubation
at 37°C. Image] software was used to assess spheroids’ size (aver-
age of the major and minor axis length) at time 0 and 6 h so as
to determine cell invasion through surrounding collagen [21]
(electronic supplementary material, figure S2).

2.12. Cells culturing in three-dimensional
collagen | gels

Cell suspension of 2.5 x 10° cells ml ™" in pure medium or TGF--
containing medium (5 ug ml ') were added in collagen gels with
different concentrations before being solidified [22]. Cells were cul-
tured at 37°C for 2 days and were then treated with 1 mgml ™"
collagenase D (cat. no. 11088858001, Sigma-Aldrich) for 30 min at
37°C so as to remove collagen and collect cells. Cell suspensions
were then centrifuged at 300g for 5min to remove digested
collagen and cell pellets were kept for gene expression analysis.

2.13. RNA isolation and real-time polymerase chain

reaction

Trizol (cat. no. 15596026, ThermoFisher Scientific) was used for
extracting total RNA from the cells, which was subsequently,
purified using RNeasy mini kit (cat. no. 74104, Qiagen) and
transcribed to cDNA using Superscript III Reverse Transcriptase
(cat. no. 18080093, Thermo-Fisher Scientific). Real-time PCR
(CFX96 Real-Time PCR, BioRad) was used for the quantification
of gene expression. The AACt method was used for quantifying
the relative gene expression and all the reactions were done in
triplicate for at least three independent experiments. All primers
used are shown in electronic supplementary material, table S1.

2.14. Statistical analysis

Comparison of means with standard errors was used for the stat-
istical analysis, while Student’s f-test with p < 0.05 was regarded
as statistically significant and each experimental group was
repeated at least three times. Also, the ‘multiple sample compari-
son’ test was performed using Statgraphics 5.0 (software). After a
significant difference was detected between the groups as
evidenced from the ANOVA table a ‘multiple range test’ was
performed to indicate the differences between groups.

3. Results

3.1. Matrix stiffening increases Young’s modulus of
fibroblasts and cancer-associated fibroblasts

We first set out to characterize the two human pancreatic cell
lines, FBs and CAFs, in terms of cell morphology. Optical
microscopy imaging demonstrated that both cell lines are
characterized by elongated cells with the characteristic FB-
like shape, as seen in electronic supplementary material,
figure S3A. Subsequently, we used phalloidin staining and
fluorescence microscopy, in order to characterize the actin
(F-actin) cytoskeleton in each cell line. The cell cytoskeleton
consists of three types of filaments (including actin
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Figure 1. Effect of matrix stiffness on cell Young’s modulus. (a) Optical microscope imaging of FBs and CAFs cultured on collagen substrates of different concen-
tration, (b) relative substrate Young’s modulus and () Young’s modulus of live cells, measured by AFM. Asterisks indicate a statistically significant difference between

compared groups (p << 0.05).

microfilaments, intermediate filaments and microtubules)
with actin filaments being considered the most significant
for modulating the mechanical properties of cells [26]. Our
results demonstrated that both CAFs and FBs exhibited
intense stress fibres (which refers to a qualitative measure
of how strong stress fibres are stained with phalloidin),
while CAFs also exhibited increased formation of lamelli-
podia, the sheet-like membrane protrusions involved in cell
movement, suggesting that CAFs have a more migratory
phenotype (electronic supplementary material, figure S3B),
in agreement with previous studies [27].

As tumour stiffening is an important consequence of
desmoplasia, we investigated the effect of matrix stiffness on
basic cellular characteristics of pancreatic FBs and CAFs, such
as cell stiffness, a-SMA expression (the most common FB acti-
vation marker), cell spreading and stress fibre formation and
orientation. Our approach involved the preparation of collagen
substrates of different concentrations which evidently exhibit
different stiffness properties [21,28].

The formed substrates were used for culturing both FBs
and CAFs (figure 1a). FBs and CAFs cultured on collagen
substrates of different concentration exhibited distinct charac-
teristics with FBs being randomly oriented in all collagen
concentrations and CAFs being organized in the same orien-
tation as substrate stiffness increases. Figure 2b and figure S4

(electronic supplementary material) presents the relative
Young’s modulus of the substrates, measured with AFM,
with respect to collagen concentration, confirming the depen-
dence of substrate elastic properties on collagen content [29].
Subsequently, as AFM is gaining ground in cell mechanics
[30] and in cancer diagnostics being a novel technique for
determining the mechanical properties of various cell types
of different metastatic potentials [31-34], we extended our
experiments to include AFM force spectroscopy in live cells
cultured on different substrates. Figure 1c depicts the
Young’s modulus of FBs and CAFs as a function of collagen
concentration (i.e. substrate stiffness). The Young’s modulus
increased with substrate stiffness for both cell lines, with
changes in the modulus of FBs to be more sensitive to
changes in substrate stiffness. As for the Young’s modulus
of CAFs, a statistically significant increase was found only
for the 3.0 mgml~ ! collagen concentration (figure 1c). On
the other hand, when cells were treated with Cytochalasin
D, a known inhibitor of actin polymerization, their Young’s
moduli were not affected by the substrate stiffness and the
Young’s moduli of the different groups did not present
statistically significant differences (electronic supplementary
material, figure S5). This demonstrates that our measure-
ments correspond to the cells stiffness and it is not an
artefact of the AFM measurements.
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concentration. (b) Quantitative analysis of cell spreading using the circularity shape factor based on optical microscope images and (c) relative RAC mRNA expression
assessed by real-time PCR. Asterisks indicate a statistically significant difference between compared groups (p << 0.05).

Notably, it has been recently demonstrated that CAFs are
‘softer’ compared to FBs and consequently CAFs exhibit a
more aggressive phenotype [27]. Thus, our experiments con-
firmed that for stiffer substrates CAFs have lower values of
Young’s modules compared to FBs (figure 1c). However,
this is not the case for soft substrates. Interestingly, when sub-
strates of 0.5mgml ' collagen were used, FBs and CAFs
demonstrated similar Young’s modulus values. This result
highlights the fact that in desmoplastic tumours, CAFs
might acquire a ‘softer’ and more aggressive phenotype.

3.2. Matrix stiffening increases cell spreading
Subsequently, we measured the effect of matrix stiffening on
cell spreading, which is related to invasion and metastasis.
Our results indicated that increased collagen concentration,
and consequently increased stiffness, affects cell spreading
of CAFs but not FBs. The cell spreading assay showed that
cell spreading was increased in correlation to increased stiff-
ness (figure 2a,b). We also used real-time PCR to assess RAC
expression, as RAC is required for actin polymerization and is
a known mediator of cell spreading [35]. Real-time PCR,
which is more sensitive than optical microscopy observations,
showed that stiffness affected RAC mRNA expression both in
FBs and CAFs from 0.5 to 1.0 mg ml~ !, while in the case of
3.0mgml~! RAC expression was increased only in CAFs
(figure 2c).

3.3. Matrix stiffening increases a-smooth muscle actin
expression in both fibroblasts and cancer-

associated fibroblasts

Next, given the fact that a-SMA is the most common
marker of activated FBs [36-39], we studied o-SMA
expression in FBs and CAFs by means of fluorescence
microscopy and real-time PCR. Figure 3a depicts immuno-
fluorescence images of a-SMA protein expression and
localization in FBs and CAFs and in correlation with collagen
concentration and thus, substrate stiffness. Expression of
a-SMA increases with substrate stiffness (electronic sup-
plementary material, figure S6), which is in agreement with
the quantitative mRNA expression of a-SMA analysed by
real-time PCR (figure 3b).

3.4. Matrix stiffening improves orientation of the less
oriented stress fibres of fibroblasts

To complete FBs and CAFs cytoskeletal characterization in
conditions of increased substrate stiffness, we tested stress
fibre orientation by F-actin staining with phaloidin. As
F-actin fibre orientation has been associated with increased
migration, we used the FilamentSensor tool software
to visualize stress fibre orientation [18]. As shown in
figure 4, this tool represents the direction of each fibre
with a different colour. In the case of soft substrates
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(0.5 mg ml™"), stress fibres in FBs were randomly orga-
nized, while increasing substrate’s stiffness, F-actin fibres
acquired a more oriented pattern (figure 44). On the other
hand, CAFs independently of substrate stiffness presented
well-organized stress fibres with one major orientation,
parallel to the major axis of the cell (figure 4b). Also, the
stress fibre (F-actin) orientation/alignment was assessed
with the order parameter S. Table 1 summarizes the
order parameter of FBs and CAFs on different collagen con-
centration substrates. In general, CAFs present a higher S
than FBs, while the order parameter for both cell lines
increases with the increase of collagen concentration (and
consequently collagen stiffness)

3.5. Matrix stiffening inhibits cell spheroid invasion in
three-dimensional collagen gels

Given our results from the 2D experiments, we sought to
find out how the metastatic potential of FBs and CAFs
was affected by ECM stiffness in a 3D set-up that
better mimics real ECM and tumour setting [40] as it is evi-
dent that the tissue microenvironment regulates cancer cell
motility and invasion [41]. Our experimental approach
involved the formation of cell spheroids embedded
in 3D gels made by purified type I collagen, with tunable
stiffness.

The structure and elastic properties of gels containing
0.5, 1.0 or 3.0 mg ml~" collagen were analysed using AFM,

which does not destroy the gel’s microstructure [29,42-45].
Figure 5a depicts the microstructure of the gels consisted
of fibres with random orientations, similar to the ECM struc-
ture of collagen-rich tumours [46]. Additionally, collagen
fibres presented the 67 nm D-band (figure 5b), which is a
characteristic of the native forming collagen fibres and it
has been proposed to be recognized by cells [47]. Further-
more, AFM microstructural analyses (figure 5a) revealed
that changes in collagen concentration increased fibre density
and gels with higher concentration consisted of fibres with
larger diameters (figure 5c¢). In order to characterize the stiff-
ness of the gels, we performed AFM analysis under liquid
conditions. As expected, stiffness measured by AFM
increased with increasing collagen concentration (figure 5d).
In particular, we measured an increase in stiffness of about
1.5 and 3.7 times (compared to the 0.5 mgml ' condition),
when the concentration was increased from 0.5 to 1.0 and
3.0 mg ml ™", respectively.

The next step in our study was the formation of FBs
and CAFs spheroids using the hanging drop method.
Spheroids were embedded in the 3D collagen gels and 6 h
later, images were obtained to quantify cell invasion
(figure 6a). The analysis revealed that cell invasion was
reduced as collagen concentration increased from 0.5 to
1.0mgml~' (figure 6b). FBs, exhibited the same effect
when gel concentration was increased from 0.5 to
3.0mgml ™" (figure 6b). However, CAFs invasion presented
a differential response to stiffness and there was no
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Table 1. Order parameter S of FBs and CAFs on substrates of different collagen concentrations.

FBs | CAFs
collagen concentration (mg ml™)
0.5 1.0 3.0 0.5 1.0 3.0
order parameter (S) 0.40 0.51 0.54 0.53 0.61 0.69
standard 0.04 0.03 0.02 0.05 0.05 0.04
error of the mean

statistically significant alterations between the 0.5 and
3.0 mg ml~! collagen concentration (figure 6b).

In order to investigate the molecular mechanism
involved, we measured the mRNA expression of RhoA and
Rho-associated protein kinase-1 (ROCK-1), important members
of the Rho GTPase family of proteins that have been pre-
viously suggested to be involved in FBs and CAFs ECM
remodelling and invasion [27,48,49]. Real-time PCR analyses
demonstrated that the mRNA expression of these genes in
both cell lines was reduced as the collagen concentration
was increased from 0.5 to 1.0 and 3.0 mg ml™},
the invasion pattern (figure 7a).

following

3.6. Transforming growth factor beta increases the
invasive potential of both fibroblasts and cancer-
associated fibroblasts

Given that TGF-B upregulation is an important component of
desmoplasia, we investigated the effect of ECM stiffness on
FBs and CAFs in the presence of TGF-B. In that regard,
TGF-B treated FBs and CAFs were used for the formation
of cell spheroids. The spheroids were embedded in the 3D
collagen gels and images were obtained at time 0 and 6 h.
In the case of FBs, we found that TGF-B significantly
increased FB invasion

in all collagen concentrations
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Figure 5. AFM characterization of 3D collagen matrices. (a,b) AFM topography images of collagen type | gels with different concentrations, presenting the fibre structure
of the gels and the D-band (approximately 67 nm), respectively, (c) diameters of collagen fibres and () normalized Young's modulus of the gels relative to the Young's
value of the lowest concentration. Asterisks indicate a statistically significant difference between compared groups (p << 0.05). (Online version in colour.)

(figure 7c), whereas TGF-B had negligible effects on the inva-
sive potential of CAFs for 0.5 and 3.0 mg ml ™' collagen, and
promoted spheroid invasion only for the 1.0 mgml ' con-
dition (figure 7d). Interestingly, even though matrix stiffening
reduced cell invasion (figure 6b), addition of TGF-B compen-
sated for the negative effect of stiffness so that spheroid
invasion remained the same for both FBs and CAFs
(figure 7c,d). Real-time PCR experiments demonstrated that
this effect was a consequence of the activation of the RhoA
and ROCK pathway, particularly in the case of CAFs
(figure 7b). Also, multiple comparisons between the different
groups confirmed the activation effect of TGF- on the RhoA
and ROCK pathway (electronic supplementary material,

figure S7).

4. Discussion

Pancreatic cancer is the leading cause of cancer-related
deaths, with poor survival rates [2]. Therefore, a complete

understanding of the mechanisms involved in its patho-
genesis is of crucial importance. Pancreatic tumours, such
as pancreatic ductal adenocarcinomas, are characterized by
desmoplasia, the accumulation of increased amounts of ECM
inside the tumour [2]. Although, it has been suggested that
ECM stiffening modulates stromal and cancer cell properties,
promotes cancer cell metastasis and hinders the effective deliv-
ery of drugs [6,7,50], the exact role of matrix stiffness in solid
tumours development is not clearly defined yet [51].

As it has been demonstrated that the mechanical proper-
ties of a tumour determine cell behaviour, we investigated
how collagen stiffness affects pancreatic FBs and CAFs in
terms of cytoskeleton and morphodynamic characteristics
re-organization as well as in terms of their invasive properties
in 2D and 3D collagen models. In our 2D experiments, we
demonstrated that the Young’s modulus of both FBs
and CAFs increased as a function of substrate stiffness
(figure 1c). This is in agreement with studies showing that
FBs tend to tune their stiffness in order to adapt to that of
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Figure 6. Effect of collagen stiffness on FBs and CAFs invasion and expression of RhoA and ROCK in the absence or presence of TGF-3. (a) Representative CAFs
spheroids embedded in collagen gels at time 0 and at 6 h post implantation, respectively. (b) Percentage (%) change in FBs and CAFs spheroids’ dimensions within
6 h post-implantation. Asterisks indicate a statistically significant difference between compared groups (p << 0.05).

their environment [52]. Indeed, when cultured on rigid
substrates, CAFs proved to be softer than FBs, forming
monolayers with oriented cellular patterns (figure 1). AFM
studies have demonstrated that cancer cells, which are
highly invasive, are also softer than normal cells [32,33],
while they also remodel their cytoskeleton so as to facilitate
their invasion through surrounding stiff tissues [27,53]. Simi-
larly, we showed here that while CAFs are softer than FBs in
stiff substrates and possess a more invasive phenotype remi-
niscent of that of cancer cells, both cell lines become stiffer in
stiffer environments [54,55] when they encounter higher
levels of stress. Moreover, the fact that CAFs formed oriented
patterns in stiffer environments (figure 1) suggests a coordi-
nated migratory behaviour, which ensures more effective
migration than single cells [56]. Furthermore, we showed
that a-SMA expression increased in increased substrate stiff-
ness conditions in both cell types (figure 3 and electronic
supplementary material, figure S6), confirming the hypoth-
esis that stiffness promotes the activation of FBs into a
myofibroblast-like phenotype, which is associated with a
higher metastatic potential. Moreover, in accordance with
previous studies showing that cells spread better on stiffer
substrates [52,57], we found that CAFs, but not FBs, pre-
sented better spreading efficiency on stiffer substrates
(figure 2) which was corroborated by real-time PCR analysis
of RAC mRNA expresssion. The finding, though, that FB
spreading was not affected by matrix stiffness may be

explained by the fact that alterations in cell stiffness tend to
affect cell spreading thus it is plausible to find that CAFs
exhibited better spreading properties than FBs, as they were
found to be softer. Moreover, CAFs presented oriented
stress fibres regardless of substrate stiffness, while FBs had
the tendency to remodel F-actin stress fibres in more oriented
patterns as substrate stiffness inceased (figure 4 and table 1).
This is also in accordance with previous studies showing that
actin structure is not organized into stress fibres in soft sub-
strates [52,58]. It should be noted though that such
cytoskeleton remodelling is translated into changes in the
mechanical properties (reduced stiffness in soft substrates)
of the FBs, which can be crucial for the invasive properties
of the cells [30,33,54,55,59].

Furthermore, we developed 3D collagen models to study
cell invasion in a more physiologically relevant approach
[40]. In our 3D experiments, we formed tumour cell spheroids
that were embedded in collagen gels of different concentration.
AFM nanoscale characterization demonstrated that gels con-
sisted of collagen fibres exhibiting the characteristic D-band
periodicity and had random orientation (figure 6). As the col-
lagen concentration increased, the gel density, stiffness and
collagen fibre diameter were significantly increased, confirm-
ing previous research demonstrating that alterations in
collagen concentration are translated into changes in ECM
stiffness [28,40]. Concerning fibre diameters, we found a
range of 50-300 nm, similar to previous studies performed
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in high concentrated collagen gels [25] and within the range of
fibre diameter of native tissues [28]. Consequently, as the
Young’s modulus of tissues exhibits great variability and lar-
gely depends upon the quantity and organization of collagen
[47,60,61] our gels can serve as models to recapitulate
tumour ECM stiffening during desmoplasia. Our results
revealed that tumour spheroid invasion of FBs and CAFs
was hindered when spheroids were cultured in collagen gels
of higher concentration (figure 6). Thus, CAFs have most
likely developed appropriate mechanisms, such as the devel-
opment of oriented stress fibres and a ‘softer’ cytoskeleton, to
be able to invade through stiff environments. Our findings
were further supported by gene expression analysis showing
a significant decrease in Rho-GTPases RhoA and ROCK
mRNA expression in FBs and CAFs (figure 7a), which have
been proposed to mediate cell motility, ECM remodelling by
FBs [48,49] and control actin polymerization [26]. Finally,
addition of TGF-B reversed the suppressive effects of stiffness
on FBs and CAFs invasion (figures 7c and d), confirming the
hypothesis that ECM stiffness and TGF-B have synergistic
effects in desmoplasia and affect cell invasion.

Overall, our results demonstrated that collagen concen-
tration and consequently ECM stiffening differentially
modulates FBs and CAFs cytoskeleton remodelling and

invasion with stress fibre orientation being significantly
altered in FBs. Finally, the presence of TGF-B reverses the
suppressive effect of collagen stiffness on cell invasion.
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