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A large body of literature has demonstrated that the mechanical properties of
microenvironment have a key role in regulating cancer cell adhesion, motility, and
invasion. In this work, we have introduced two additional parameters, named cell
trajectory extension and area traveled by cell, to describe the tendency of normal
tissue and metastatic cancer cells to move in a directional way when they interact with
physio-pathological substrates, characterized by stiffnesses of 1-13 kPa, before and
after treatment with 2 doses of X-rays (2 and 10Gy). We interpreted these data by
evaluating also the impact of substrate stiffness on 2 morphological parameters which
indicate not only the state of cell adhesion, but also cell polarization, prerequisite to
directional movement, and the formation of protrusions over cell perimeters. We believe
that a so wide analysis can give an efficient and easily readable overview of effects of
radiation therapy on cell-ECM crosstalk when used as therapeutic agent.

Keywords: breast cancer, mechanobiology, cell motility analysis, extracellular matrix stiffness, radiotherapy

INTRODUCTION

Cells have continuous interactions with surrounding environments and the relative mechanical
dynamics are today recognized as powerful conditioning factors for cells’ behavior [1-5]. The
healthy functioning of many human tissues, indeed, originates from the correct interactions
between cell cytoskeleton and extracellular matrix (ECM). When altered by genetic or
environmental factors, they have a determinant contribution in many diseases’ occurrence and
progression [6-11]. In case of tumors, where the ECM may represent up to half of the entire mass,
higher level fibrillar constituents (collagen, fibronectin, etc.) and specific molecular expression
profiles are found. Such modification in architecture and composition gives rise to a negative loop
that induces a compromised feedback between cells and the surroundings matrix. The composition
and mechanical identity of ECM, for instance, can regulate the cell epithelial-mesenchymal
transition (EMT), a metastases precursor process in which cells acquire a more stem-like character.
To promote migration, in fact, cancer cells have to activate differentiating genes, and degrade
cell-cell junction by the downregulation of the associated proteins and the upregulation of those
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appointed to adhere and/or lyse the matrix [12-16]. It has been
reported that in breast tumors the stiffness can induce the nuclear
translocation of transcription factors as YAP or TWIST1, both
related to the EMT process [17-20], thus suggesting a very close
relationship between ECM mechanical properties and tumor
metastatic potential. One of the most consolidated therapeutic
strategy adopted this day to contrast tumor progression is
the radiotherapy (RT). Although its direct and well-established
cytotoxic effect on cancer cells by DNA damage, different reports
in literature suggested that in some cases hypoxia, typical of
different tumors, can reduce the efficacy of RT, influencing the
outcome of treatment of tumor, and leading to high recurrence
and increased distant metastases [21]. On the other hand, there
is a large evidence that the dose heterogeneity across normal
tissue (dose gradient) and the modification of normal tissue
tolerance to dose when irradiated volume changes (volume
effects) have an important impact on the problem concerning
second cancer risks [22, 23]. The dose-volume question is
principally related to conventional and 3D conformal radiation
therapy, whereas modern techniques and, in particular, intensity
modulated radiation therapy (IMRT) seems to reduce the risks
of second cancer risks [24]. Several mechanisms that promote
this counterproductive effect have been identified, including
vascular damage, EMT, and cytokine production [25]. The
clinical significance of these findings is still largely unknown
and new cell biophysical parameters have to be identified in
order to assess how RT treatments can promote increased cell
migration [26, 27] and enhanced growth of distant metastases
[25, 28] as well as reduction of cell migration [29, 30] and
inhibition of distant tumor growth, also known as the abscopal
effect [31]. Along this path, we proposed here a continuation
of our previous work [29] by the introduction of new
biophysical parameters that can be used by different researcher
interested into basic and clinical translation of mechanobiology
investigation. In particular, in this study we focused our attention
on breast cancer, a consolidated model used to understand
cancer progression and metastasis and generally treated with
RT from stages I to III to reduce the risk of recurrence after
surgery. In details, we have investigated the behavior of a
normal epithelial cell line (MCF10A) and a highly aggressive
and invasive adenocarcinoma cell line (MDA-MB-231) through
a migration experimental campaign on polyacrylamide (PAAm)
substrates mimicking pathophysiological stiffness (1-13 kPa).
Study was conducted in control conditions and 72h after
the exposure to two different doses of X-rays, 2 and 10 Gy,
which represent the daily dose in radiotherapy treatment and
the single maximum dose for the treatment of metastasis.
In order to obtain a more detailed comparison of the cells
responses to RT to ECM stiffness simulating pathophysiological
microenvironments, two biophysical parameters and the mean
square displacement (MSD) of the cells were derived from
the analysis of the trajectory. The single and combined
evaluation of these parameters, together with the analysis
of cell morphological features, gives more insights into
the effects of RT on cellECM crosstalk when used as
therapeutic agent.

MATERIALS AND METHODS

Substrate Preparation and

Functionalization

PAAm substrates with two different mechanical properties
were produced by using two solutions of acrylamide and
methylene-bis-acrylamide (4% acrylamide/0.15% methylene-bis-
acrylamide and 10% acrylamide/0.1% methylene-bis-acrylamide
corresponding to 1.3 and 13 kPa, respectively) and then
functionalized with bovine collagen type I. More detailed
information can be found in [32].

Cell Culture and Irradiation

MCF10A cells were grown in Lonza mammary epithelium-based
medium (MEBM), supplemented with bovine pituitary extract
(BPE), human epidermal growth factor (hEGF) (0.1%), insulin
(0.1%), hydrocortisone (0.1%), gentamicin-amphotericin (GA-
1000; 0.1%).

MDA-MB-231 cells were grown in Lonza Dulbecco’s modified
Eagle medium (DMEM/F-12) supplemented with 10% fetal
bovine serum (FBS, Gibco, Eggenstein, Germany), 1% L-
glutamine (Sigma, St. Louis, MO, USA), and 1% penicillin-
streptomycin (Sigma, St. Louis, MO, USA).

24 h after cell culture, MCF10A and MDA-MB-231 cells were
exposed to two different doses of X-rays, 2 and 10 Gy, with a
dose rate equal to 5 Gy/min, using a 6MeV energy beam, at
the National Cancer Institute “PASCALE” of Naples. Additional
information can be found in [29].

Migration Parameters

MCF10A and MDA-MB-231 cells were cultured on PAAm
substrates at a final density of 1,000 cells/cm?, to guarantee a
sparse-cell condition also 72 h after irradiation (time of analysis),
necessary to avoid the formation of cell-cell contacts that
could override the effect of substrate stiffness. Cell migration
experiment were performed as previously reported [29]. Briefly,
images of cells were acquired every 10 min for a total duration
of 24h. Single cell trajectories were determined using Image]
and Manual Tracking plugin (http://rsweb.nih.gov/ij/). Their
orientation was calculated by using the ellipse-fitting function
in Image]J and, then, cell trajectories were rigidly rotated around
the starting point P(x(0), y(0)) by using the rotation matrix as
represented in Figure 1. After the coordinate transformation,
we obtained the new coordinates x'(t) and y'(t) at every time t
and the principal direction of the rotated trajectory results to be
aligned to y’-axis. Once rotated, the net displacements traveled
along X'- and y’-directions were calculated as follows

Ax = xlmax - x/min (1)

Ay/ = }/max _y/min 2

where X/y,. and X'/y, . are the maximum ad the minimum
values of the rotated coordinates x" and y'.
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FIGURE 1 | Examples of cell trajectories (A-D) in the reference system. Their orientations o and B are calculated using the fitting-ellipse function in Image J (B-E) and

then the rotation matrices R, and Rg rotate the trajectories in the new reference system x'-y’ (C-F). Here, we calculate TER parameter as indicated in formulas (1)~(3).
TER; approaches to O (elongated trajectory), whereas TERy is close to 1 (round/random trajectory).
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The trajectory extension ratio (TER) and the area traveled
(AT) were calculated with the following expressions

A /
TER = =% (3)
Ay
AX Ay
AT = % (4)

MSD on x'- and y- directions (MSDy and MSDy) were

calculated, starting from rotated trajectories, using the
following formula:
/ / 2
MSD, () = <[x t—1)—x (] ) (5)
MSD, (1) = ([ ¢ =) =y ®]) ©)

where X' (t) and y’(t) are the rotated coordinates of cell at time t,
7 is the lag time and <> indicated the temporal mean.

Cell Morphological Parameters

MCF10A and MDA-MB-231 cells were cultured on PAAm
substrates at a final density of 1,000 cells/cm?. Cells were fixed
and stained for the evaluation of morphological parameters in
control condition and 72h after irradiation. Actin cytoskeleton
and nuclei were stained with Alexa 488 phalloidin and Hoechst
33342, respectively. More detailed information on staining
protocol can be found in [29]. Images of stained cells were
acquired with Olympus IX81 inverted microscope equipped
with a 10x objective. Images were imported into Image]
software (NIH, Bethesda, MD, USA) for quantification of cell
morphological parameters. We used nuclei to locate isolated cells.
Individual cells, identified by visualization of single nuclei, were

outlined and changes in cell shape in control and irradiated
conditions were quantified by two morphological parameters, the
shape factor (SF) and circularity index (CI), defined as follows:

4TA
CI = M (8)
AX1Smajor

where A and P are the area and the perimeter of cells calculated
by using the “Measure” command in ImageJ, whereas axismajor
and axispinor are the major and the minor axis of the best-fitting
ellipse determined by using the ellipse-fitting function in Image].

Statistical Analysis
Statistical comparisons were performed with a Student’s unpaired
test. P-values of <0.05 denote statistically significant differences.

RESULTS

Migration Parameters

Time-lapse video analysis was performed to compare the
motility of mammary epithelial and adenocarcinoma cells on
polyacrylamide substrates with different stiffness’s, 1.3 and 13
kPa, in response to irradiation with 2 doses of X-rays (2 and
10Gy). In order to describe the ability of cells to move and
their tendency to do it in a directional way, we introduced
two additional parameters defined in Materials and Methods
section: TER and AT by the cells. In particular, to individuate
the principal direction of displacement, the trajectories were
rotated by the orientation angle calculated using the fitting-ellipse
function in Image] (Figures 1B-E) and, then, TER was calculated
as indicated in formula 3. Analyzing the definition, TER can vary
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FIGURE 2 | Box plots (mean, median, interquartile range, and outliers) of TER (A,B), y-displacement (C,D) and AT (E,F) parameters of MCF10A (A-E) and
MDA-MB-231 cells (B=F) in control condition (blue) and 72 h after irradiation with doses of 2 Gy (red) and 10 Gy (green). n > 58 for MCF10A cells, n > 82 for
MDA-MB-231 cells.

between 0 and 1 and is inversely related to the directionality
of cells: values close to 1 indicate random trajectories, whereas
when TER approaches to 0 the trajectories are approximated with
a straight line (Figure 1). It is also important to highlight that
in our analysis, we did not consider the values of orientation
angles, because our substrates are homogeneous and no chemical
or topographic pattern is present on them; consequently, the
orientation angles are homogeneously distributed (data not
shown). TER of both normal and cancer cell lines was strongly
affected by substrate stiffness. In particular, TER of MCFI10A
cells decreased of 27% (Figure 2A), whereas that of MDA-MB-
231 cells of 14% when substrate stiffness increased, indicating
that the directionality of cell trajectories was greater on stiffer
substrates mimicking pathological environment (Figure 2B). By
a deep analysis of these data, it is possible to observe that,
even though the stiffness affected the directionality of both cell
lines, this effect was more relevant for normal cells than for

tumor ones: on soft substrate, TER of MDA-MB-231 cells is
19 and 5% lower than that of MCF10A cells, respectively, on
soft and stiff substrates, but the difference is significant only on
1.3 kPa polyacrylamide (t-test, P = 1.5 x 107>, Figures 2A,B).
Results demonstrated that the stiffness of the microenvironment
by itself could enhance cell directionality, but at the same time
the tumor metastatic phenotype confers on cells properties that
are critical for invasion. Besides TER, we analyzed also two
other parameters, the displacement along the principal direction
y’ and AT. MCF10A cells moved along y’ in a not dependent
way from substrate stiffness (Figure 2C, Table 1), whereas their
AT decreased of 28% in a significant way (Figure 2E, Table 1)
when they adhere on stiff substrate. On the contrary, both
displacement along y’ and AT of MDA-MB-231 exhibited a
significant increase of 27 and 38% when cells are cultured on stiff
substrate rather than on soft one (Figures 2D-F, Table 1). After
the evaluation of cell response to substrate stiffness in control
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TABLE 1 | Statistical analysis for trajectories data.

Control 2 Gy 10 Gy
13 kPa 1.3 kPa 13 kPa 1.3 kPa 13 kPa
Control 1.3 kPa o e e s e ok e
NS, ###  ##H, #H# NS, #H# ###, ##HF NS ###
1997 199999 9997 999997 997999
13 kPa rx NS, * ** NS ** NS
HitH, #it# NS, ###  #i#H#, ##4 NS, ###
99,999 NS 199 999,999 99,99
2Gy 1.3 kPa NS NS, *** NS, *
###, NS NS, NS ###, NS
19,999 NS, NS 199, 199
13 kPa o e
###, NS NS, NS
199, 999 999, 99
10Gy 1.3 kPa NS, NS
###, NS
199, 199

Asterisks (*) refer to TER of MCF10A (left) and MDA-MB-231 cells (right), hash signs (#) to
y-displacement and pilcrow signs (1) to AT -##1p ~ 0.001, "WP < 0.01, TP < 0.05,
NS, not significant.

condition, we investigated the effects of two different doses of
X-rays, 2 and 10 Gy, on the migration parameters. Seventy-two
hours after irradiation, MCF10A cells cultured on soft substrate
responded to irradiation by reducing all the parameters in a very
significant way in an independent manner from the delivered
dose: TER decreased of 47%, the principal displacement of
21% and AT of 68% when cells were irradiated with the lower
dose of 2 Gy; whereas TER, the principal displacement and AT
decreased of 43%, 22 and 66% in the case of the dose of 10 Gy
(Figures 2A-E, Table 1). On stiff substrate, the dose of 2 Gy had
no effects, whereas cells responded to the higher dose of X-rays
by reducing their migration parameters also in this case, even
though in a less pronounced way compared to cells adhering
on 1.3 kPa polyacrylamide (TER, the principal displacement and
AT reduced of 15, 10, and 30%, respectively) (Figures 2A-E,
Table 1). Metastatic cancer cells resulted to be more sensitive to
irradiation, in particular on stiff substrate. Only TER was more
significantly reduced when cells adhered on soft substrate: it
decreased of 27 and 12% after irradiation with doses of 2 and
10 Gy, respectively, reaching values close or lower than that of
control cells on stiff substrate (Figure 2B, Table 1). However, the
reduction of TER, that is associated to a greater directionality
during migration, was also accompanied by a significant decrease
of the principal displacement (26 and 20% after irradiation with
2 and 10 Gy, respectively) and AT (61 and 45% after irradiation
with 2 and 10 Gy, respectively) (Figures 2D-F, Table 1). On
stiff substrate, TER reduced only when cells were irradiation
with the lower dose (reduction of 12%), whereas the principal
displacement diminished by 42 and 46% and AT by 69 and 66%
after irradiation with 2 and 10 Gy, respectively (Figures 2B-F,
Table 1).

In order to interpret our data in relation with previous results
concerning cell velocity and reported in [29], we performed

also a correlation analysis between TER and velocity data. In
the case of normal tissue cells, TER and velocity resulted to be
not or negatively correlated in control condition (correlations
are equal to —0.11 and close to 0 on soft and stiff substrates,
respectively), whereas we observed a weak positive correlation
for cells irradiated with the dose of 2 Gy (0.11 on soft substrate
and 0.15 on the stiff one) and a moderate positive correlation
after irradiation with the dose of 10 Gy (0.26 on soft substrate
and 0.24 on the stiff one). TER and velocity of metastatic cancer
cells exhibited low or absent correlation on soft substrate (0.09
in control condition and ~0 after irradiation with both doses),
indicating that their directional behavior is weakly affected by the
velocity (as also indicated by the high values of persistence time
evaluated in [29] in all conditions and also when their velocities
are reduced in a drastic way. When metastatic cells were cultured
on stiff substrates, the correlation increases passing by 0.05 in
control condition to 0.19 and 0.17 after irradiation with 2 and
10 Gy, exhibiting a behavior similar to that of normal tissue cells.

Mean Square Displacements

In our analysis, we decomposed the MSD in the two components
calculated along directions x and vy after rotation, MSDy and
MSDy, and reported them in a log-log plot (log(MSDy/y) on the
y-axis and log(Lag Time) on the x-axis (Figure 3). The slope o
of these plots is a suitable indicator for cell directionality: log-log
curve with slope a = 1 indicates a random migration, whereas we
describe as subdiftusive cell motion characterized from o < 1 and
superdiffusive a MSD with 1 < a < 2 (o = 2 for cells that move
along a straight line); log(MSDy y) curve showing a slope close to
zero indicates a random caged migration.

In control condition, MCF10A cells on soft substrate exhibited
MSD with similar amplitude along the two directions (the
MSDy/MSDy ratio was comprised between 0.8 and 1 at all lag
times) and slopes very close to 1 (o = 0.945, R? = 0.9804
and a = 1.002, R* = 0.986 on 1.3 and 13 kPa, respectively),
indicating that there was not a preferential direction during
migration, in agreement with TER data (Figure 3). When cells
were cultured in control condition on stiff substrate, the log-
log plot of x-component of MSD was not well-fitted with a
linear equation (o = 0.4529, R? = 0.6576), because cell migration
showed two different regimes: in the first 4 h log(MSDy) exhibited
a slope close to 1 (¢ = 0.9902, R? = 0.9737), whereas in
the rest of investigated time the curve flattened and the slope
approached zero, indicating a caged migration (Figure 3). On the
contrary, the log-log plot of y-component of MSD exhibited a
slope close to 1.2 (o = 1.1752, R?> = 0.9737) and its amplitude
increased up to 1,400% compared to MSDy, meaning that
cells move preferentially along y-axis as also indicated by TER
parameter (Figure 2). Metastatic cells denoted a behavior, in
terms of MSD, more similar to normal tissue cells on stiff
substrate. In fact, independently of substrate stiffness, their MSDy
showed a subdiffusive behavior with slopes equal to 0.7314
(R? = 0.8562) and 0.794 (R* = 0.8645) on 1.3 and 13 kPa
substrates, respectively. However, also in these cases it is possible
to observe two different regimes: in the first 4h both log-log
plots slopes were close to 1.2 (o = 1.2282, R* = 0.9992 and «
= 1.1578, R* = 0.9975 on 1.3 and 13 kPa, respectively), whereas
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FIGURE 3 | Log-log plot of MSDs along x'- (solid line) and y'- (dotted lines) directions of MCF10A (A,B) and MDA-MB-231 cells’ (C,D) trajectories on soft (A-C) and
stiff (B=D) PAAm substrates, in control condition (blue) and 72 h after irradiation with doses of 2 Gy (red) and 10 Gy (green).

they approached to zero successively, indicating again a caged
migration (Figure 3). The log-log plot of y-component of MSD
exhibited slopes higher than 1 (¢ = 1.3864, R> = 0.998 and
o = 1.526, R = 0.990 on 1.3 and 13 kPa, respectively) and
their amplitudes increased up to 1,400 and 2,100% compared
to MSDy on 1.3 and 13 kPa substrates. These findings support
the results obtained in terms of TER: MDA-MB-231 cells were
characterized by a more directional movement compared to
MCF10A and this characteristic was particularly relevant on stiff
substrate (Figure 3D), as also indicated by higher persistence
time evaluated in our previous work [29]. Seventy-two hours
after irradiation, the significant reduction of TER of normal tissue
cells was accompanied by a change of mode of migration, as
evidenced by the analysis of MSD. On soft substrate, the slope of
MSDx was sensitively lower than 1 for both doses (a = 0.3737,
R* = 0.7826 and o = 0.6392, R* = 0.9155 for cells irradiated
with 2 and 10 Gy, respectively), but as in control condition on
stiff substrate, it is possible to individuate two different regimes:
cells irradiated with lower dose exhibited log(MSDy) with a
slope equal to 0.7039 (R? = 0.9726) until 4 h, whereas this value
decreased to 0 successively (caged migration); cells irradiated
with 10 Gy showed a pure diffusive motion until 4 h (o = 0.9479,
R? =0.9926) and then a subdiffusive migration (o = 0.2799, R =
0.9143). On the other side, log(MSDy) exhibited a slope slightly
higher than 1 (¢ = 1.0501, R* = 0.9883 and o = 1.069, R* = 0.994
for cells irradiated with 2 and 10 Gy, respectively) and MSDy

amplitude enhanced to values 100 and 14 higher than those of
MSDy of cells irradiated with 2 and 10 Gy. This finding indicates
that irradiation had a more important effect on cells exposed to
2 Gy, as also attested by the lower values of TER, but also that,
in any case, normal tissue cells continued to preserve their less
motile and directional motion on soft substrate (Figures 2, 3).
MCF10A cells cultured on stiff substrate exhibited a subdiffusive
migration on x-direction after irradiation, in fact the slopes of
log-log plots resulted to be sensitively lower than 1 and equal to
0.492 (R* = 0.8205) and 0.5273 (R* = 0.8274) after that doses of
2 and 10 Gy had been administered. However, also in these cases
the slopes of the curves changed after the first 4 h, passing from
~0.8 (o = 0.7538, R = 0.9948 and o = 1.069, R* = 0.994 for cells
irradiated with 2 and 10 Gy, respectively) to 0 (Figure 3). On the
y-direction the mode of migration was not importantly affected
by the irradiation, in fact the slopes remained close to 1.2, but
the maximum value of MSDy/MSDx ratio increased slightly after
irradiation with the low dose and in a more relevant way when
cells were treated with the high dose (the ratio passed from 14
in control condition to 18 and 24 after irradiation with 2 and
10 Gy). The behavior of MDA-MB-231 cells was not affected in
a strong way by irradiation. In particular, the slope of log(MSDy)
was lower than 1 (o = 0.724, R> = 0.8701 and o = 0.7545, R>
= 0.8946 for cells cultured on soft substrate and irradiated with 2
and 10 Gy, respectively, o = 0.779, R? = 0.827 and o = 0.7579, R?
= 0.9157 for cells cultured on stiff substrate and irradiated with
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2 and 10 Gy, respectively), even though the dynamics motion
continued to be slightly superdiffusive until 4h (¢ = 1.1097,
R* = 0.9981 and a = 1.09151, R* = 0.9986 for cells cultured
on soft substrate and irradiated with 2 and 10 Gy, o = 1.1279,
R* = 09995 and a = 1.073, R* = 0.9984 for cells cultured
on soft substrate and irradiated with 2 and 10 Gy, respectively)
and entrapped at succeeding lag times. The slope of log(MSDy)
increased slightly compared to control condition passing from
1.3864 to 1.4297 (R* = 0.9991) and 1.4499 (R* = 0.9996), whereas
the maximum value of MSDy/MSDx ratio increased from 14 to
26 and 32 after irradiation with 2 and 10 Gy, when cells were
attached to soft polyacrylamide. On stiff substrate, the slope
of log(MSDy) slightly decreased passing from 1.526 in control
condition to 1.491 (R* = 0.9984) and 1.4093 (R* = 0.9988) and
the maximum value of MSDy/MSDy ratio increased from 21 to
28 and 23 after irradiation with 2 and 10 Gy.

Morphological Parameters

It is extensively known that mode of cell migration is strictly
correlated to cell adhesion and morphology and, for this reason,
we used two additional morphological parameters, SF and CI (see
Materials and Methods section), to describe the role of substrate
stiffness and the effects of irradiation on these parameters.
Both parameters can change between 0 and 1, where the upper
bound connotes a perfect circular cell, whereas the lower bound
indicates, in the case of SE, a cell with very pronounced border
roughness (from a mathematical point of view we can say
that the cell is characterized by a high fractal dimension),
and, in the case of CI, a cell that can be approximated with
a straight line. Normal cells exhibited low values of SF not
dependent on substrate stiffness (0.23 and 0.22 on 1.3 and 13
kPa substrates, respectively), whereas their CI enhanced by 19%
when cells are cultured on stiff substrate, indicating a more
flattened and round shape (Figures 5A-C, Table 2). On the
contrary, metastatic cancer cells exhibited a significantly lower
SF on stiff polyacrylamide (0.28 and 0.22 on 1.3 and 13 kPa

~same spreading area

Cell1 Cell 2 Cell 3
SF, < SF, < SF,

Cl,<Cl = Cl,

FIGURE 4 | Examples of 3 cells with similar spreading areas, but different
morphologies. Cell 1 is characterized by the lowest SF, whereas its Cl is similar
to that of the circular cell 3. Differently, cell 2 exhibits the lowest Cl, whereas its
SF is intermediated Cly and Cls.

substrates, respectively) and a CI close to that of MCF10A on
soft substrate and not dependent on substrate stiffness (0.46 and
0.49 on 1.3 and 13 kPa substrates, respectively) (Figures 5B-D,
Table 2). 72h after irradiation with 2 and 10 Gy, normal cells
on soft substrate reduced their SF of 18 and 14%, whereas on
stiff substrate SF increased by 16% when cells were irradiated
with a dose of 2Gy and decreased by 21% when the dose
administered was equal to 10 Gy (Figure 5A, Table 2). The effects
on CI were more relevant: MCF10A cells decreased their CI
of 53 and 43% on soft substrate and of 42 and 36% on stiff
substrate (Figure 5C, Table 2). The effects of X-rays on MDA-
MB-231 were not significant, except for two cases: on soft
substrate SF of cells irradiated with a dose of 2 Gy increased
by 12%, whereas on stiff substrate SF of cells irradiated with
a dose of 10Gy increased by 36% (Figures 5B-D, Table 2).
Furthermore, we analyzed in which way irradiation affected the
degree to which individual morphological data deviate from the
average deviation of data points from the mean by calculate

the percent deviation PD (PD = [%] %, where SD is the

standard of the mean and | is the mean value of the data. In the
following, we refer to PD of SF and PD of CI as PDgg and PDc.
We observed that in normal tissue cells, both PDgr and PDcy
increased after irradiation: on soft substrate, PDsr enhanced
passing from 39% in control condition to 46 and 48% after
irradiation with 2 and 10 Gy, respectively. PD¢y on soft substrate
was not affected by irradiation with low dose, whereas increased
from 43% in control condition to 69% when the dose of 10 Gy
was administered. On stiff substrate, both doses significantly
increased PDcj, which passed from 37% in control condition
to 61 and 57% after irradiation with 2 and 10 Gy, respectively.
The effects of irradiation on PDgg and PD¢; of MDA-MB-231
were less important, but not absent: on soft substrate PDgr in
control condition is equal to 44% and increased up to 46 and
48% after irradiation with 2 and 10 Gy, whereas on stiff substrate
it passed from 35 to 44% and 46% after the administration
of the two doses if X-ray, 2 and 10 Gy. Analyzing the PDcy
of metastatic cancer cells, we observed that it changed slightly
after irradiation, reducing from 43% in control condition to 41%
when the cells were on soft substrate and irradiated with dose
of 2 Gy and increasing up to 49% when the dose administered
was higher (10 Gy). PD¢j related to MDA-MB-231 cells increased
from 37 to 40% and 42% after irradiation with 2 and
10 Gy, respectively.

DISCUSSION

Despite the overall breast cancer rate declined of 40% from 1990
to 2017, breast cancer continued to be the most common cancer
diagnosed and the principal cause of cancer death among women
worldwide [33, 34]. Moreover, the incidence rate of metastatic
disease increased until 2011 and practically all deaths from breast
cancer result from the spread of breast cancer cells to other
vital organs, such as lung, liver or brain, through the process of
metastasis [33, 35, 36]. In order to reduce the risk of breast cancer
recurrence and to alleviate the symptoms of metastasis, most
of breast cancer is treated with radiation therapy [33]. Basing
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FIGURE 5 | Box plots (mean, median, interquartile range and outliers) of SF (A,B) and Cl (C,D) MCF10A (A-C) and MDA-MB-231 cells (B-D) in control condition
(blue) and 72 h after irradiation with doses of 2 Gy (red) and 10 Gy (green). n > 50 for MCF10A cells, n > 75 for MDA-MB-231 cells.

TABLE 2 | Statistical analysis for morphological data.

Control 2 Gy 10 Gy
13 kPa 1.3 kPa 13 kPa 1.3 kPa 13 kPa
Control 1.3 kPa NS, # 22 NS, ### *, i L
NS * NS # NS, NS NS, NS
13 kPa NS, ### *, HH NS, ### O HH
*** NS NS, NS * NS *** NS
2Gy 1.3 kPa R NS, # NS, ##H
** NS * NS NS, NS
13 kPa ** NS *** NS
NS, NS NS, NS
10Gy 1.3 kPa L
** NS

Asterisks (*) refer to SF of MCF10A (left) and MDA-MB-231 cells (right), hash signs (#) to
CIr*tp < 0.001, "*pP < 0.01, P < 0.05, NS, not significant.

on these considerations, it becomes necessary to understand
the mechanisms that underline the process of metastasis, taking
into account also the contribution of the microenvironment
in which cells naturally live, and to examine the effect
of radiation therapy on the motile and metastatic capacity
of cells.

The velocity represents the most used parameter to describe
a key cellular function as the migration. Nevertheless, it could
be not completely adequate to illustrate the effective proclivity
of metastatic cells to move far away from the origin site toward

lymph nodes and distant tissues to form secondary tumors. In our
previous work [29], we used the velocity and the persistence time
to indicate the effects of irradiation on the migratory behavior
of mammary epithelial and adenocarcinoma cells cultured on
polyacrylamide substrates of different mechanical stiffness. Here,
we introduced two different parameters to further investigate
the mode of cell migration: TER and AT by the cells. TER is
strictly related to the directionality of the cell and it approaches
to 1 when the trajectory is contained into a perfect circle (the
displacements along the two orthogonal directions are exactly
the same) and to 0 when the trajectory is approximated with
a straight line (Figurel). AT gives indication on the area
effectively explored by the cells in a certain time of analysis
(24 here). Taken together with the velocity, these parameters
can offer a more comprehensive view of the characteristics
of migration of normal tissue and metastatic cancer cells on
substrates mimicking different in vivo conditions (normal and
tumor-like environment) and after therapeutic treatments such
as radiotherapy.

The analysis of both normal tissue and metastatic cancer
cell lines revealed that the extension ratio of the trajectory was
strongly affected by the stiffness of the substrates. In particular,
in control condition TER significantly decreased by increasing
the stiffness of the substrate for both MCF10A and MDA-MB-
231 cells (Figures 2A,B), whereas the migration velocity found in
our previous work [29] decreased in normal tissue and increased
in metastatic cancer cell lines as effect of ECM stiffening,
respectively. On one hand, the opposite finding in terms of
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velocity in MCF10A and MDA-MB-231 cells can be explained
by considering that the migration is regulated by the dynamics
of focal adhesions [37, 38], that is substantially dependent on
the pathophysiological state of cells. In particular, focal adhesion
kinase (FAK) has a central role in the dynamic regulation of
focal adhesions and cells overexpressing FAK, such as MDA-MB-
231 cells, displayed impaired focal adhesions and enhanced cell
migration [39-42]. On the other hand, results suggest that the
stiffness regulates in a similar way TER and that the stiffening
of the tumor ECM increases the directionality of cell trajectory
independently from cell type and, consequently, cell velocity.
This result also gives more insights about previous findings
on persistence time [29] and supports previous observation
demonstrating that stiff substrates promote directional migration
[43]. In particular, it has been demonstrated that substrate
stiffness regulates RhoA/ROCK1/p-MLC and RhoA/ROCK2/p-
cofilin pathways, strongly implicated in the progression and
metastasis of many cancers included breast cancer, through the
activation of integrin $1 and FAK [44-46]. MCF10A cells resulted
to have a persistence time very close to 0 min independently of
substrate stiffness and a TER that decrease sensitively moving
from soft to stiff substrate. While an almost null persistence
time could be interpreted as a random motion in terms of cell
trajectory, the TER decrease clearly indicates that motion has a
predominant direction, if the whole trajectory is considered along
the entire time range of observation. Seventy-two hours after
irradiation, MCF10A cells cultured on soft substrate decreased
strongly their TER without dependence on administered dose,
whereas only the dose of 10 Gy affected the extension rate of
cells cultured on stiff substrate (Figure 2A). We think that in
MCF10A cells the lengthening of the trajectories, evidenced
by TER reduction (Figure2A, Table 1), was correlated to
the decrease of cell velocity previously reported [29], as also
evidenced by the increase of correlation between TER and
velocity data. The effects of irradiation were less pronounced
in MDA-MB-231 cells cultured on soft substrates (Figure 2B,
Table 1), because their trajectories in control condition exhibited
a more elongated and directional shape compared to normal
tissue cells (Figure 2A, Table 1). However, similarly to MCF10A
cells, also metastatic cells reduced the extension ratio of their
trajectories, even though in a more sensitive way after the
administration of the lower dose (Figures 2A,B, Table 1). On
stiff substrates, only the low dose increased significantly the
extension of the trajectories, but both doses, as previously
observed, reduced in a drastic way the mean cell velocity
(Figures 2A,B, Table 1). The reduction of the extension ratio
was also in this case accompanied by a lowered cell velocity
and, for this reason, an analysis of both displacements along
the principal direction of the migration and area traveled by the
cells was performed. MCF10A cells showed a displacement in the
principal direction not affected by ECM stiffness, whereas the
area traveled in 24 h was significantly lower on stiff substrate,
as consequence of the reduced velocity but a more directional
movement which reduced the extension ratio (Figures 2A-E,
Table 1). On the contrary, metastatic cells exhibited displacement
in the principal direction and migration area increasing with
substrate stiffness (Figures 2D-F, Table 1), in agreement with

the mean velocity and the extension of trajectories. These
findings indicate that, even though the ECM stiffness has a
regulatory effect on the directionality of cell migration, normal
tissue cells on stiff substrate move less than their diseased
counterpart. This observation supports the indication that both
oncogene-expressing cells and supra-physiological ECM stiffness
are necessary to favor the tumor onset [7, 47]. Seventy-two hours
after the irradiation, both normal tissue and metastatic cancer
cells on soft substrate reduced significantly the displacement
along the principal direction and the migration area, meaning
that, even though their directionality increased, as also indicated
by TER values, the net displacement along the principal direction
decreased together with the velocity. Interestingly, this effect on
the migration area was not dependent on the dose administered
in the case of healthy cells, whereas it was more relevant for
metastatic cells irradiated with the lower dose (Figures 2C,D,
Table 1). In this work, we did not explore the mechanism that
underlie the behavior of normal tissue and metastatic cancer
cells discussed here. Nevertheless, there are some experimental
evidences that ionizing radiations could have an important
impact on the expression of some proteins, such as integrins,
paxillin, FAK, involved in the formation of focal adhesions, that
are determinant in both adhesion and migration [48, 49]. Then,
changes in pattern involving these proteins are likely to affect
both of these processes. In this regard, it has been observed
that X-rays can induce over-expression of paxillin [49-51] and
promote phosphorylation of FAK and p130cas [49, 52, 53]. The
increased expression of paxillin, that is the downstream target
of FAK phosphorylation, could be responsible for an increased
adhesion of cells after irradiation and consequently for decreased
motility, as previously observed in both normal and cancer cells
[50, 51, 54]. However, FAK and p130CAS phosphorylation plays
a key role in directional migration [55] and the activation of FAK
and p130CAS indicated by the increased phosphorylation could
explain the increased directionality observed here. Obviously,
further research is needed to substantiate these suggestions:
the definition of these parameters, that are easy to interpret
and do not require high expertise in biophysics (differently
from MSD), together with the identification of the molecular
mechanisms guiding cell behavior in response to irradiation
by means of more complex and tissue-like culture conditions
(not only mechanical properties, but also intratumoral solid
stresses, dimensionality-—2D vs. 3D vs. 2.5D curved surfaces,
and topographical signals) might generate a basic knowledge with
powerful translational significance.

In order to verify the validity of the parameters here
introduced, particularly those related to TER, we analyzed the
movement of both cells lines in terms of MSD. In fact, in
the context of cell migration, the MSD is a good parameter
able to carry out information about diffusion coefficient and
directionality of a migration trajectory [29, 56]. Our finding
suggest that metastatic cancer cells move faster and more
persistently compared to normal tissue cells on soft substrate,
whereas stiff ECM seems to bolster ballistic motion along rotated
y-direction of both cell lines, in agreement with experimental
evidences previously reported [57-60]. The analysis of MSD
components showed that irradiation had important effects on
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the migratory behavior of normal tissue cells, that exhibited
more directional migration along y-direction when cultured
on soft substrate. On the contrary, our findings denote that
irradiation did not affect the tendency of metastatic cells to
move directionally, as also evidenced by persistence time and
TER values (Figure 2) [29], but slowed down in a very forceful
way cell velocity, AT values and the displacement along rotated
y-direction (Figure 2).

It is particularly relevant to consider that cell motility
can be explained by evaluating not only the amount of
adhesion in terms of spreading area (for example normal tissue
cells become less motile by increasing their adhesion to the
substrate), but also in terms of cell shaping: cell cytoskeleton
is responsible for cell shape and, consequently, for various
types of cell movement [61, 62]. In our previous paper we
already analyzed the ability of MCF10A and MDA-MB-231
cells to mechanosense the microenvironment by measuring
their spreading area before and after irradiation [29]. In fact,
several works demonstrated that when the stiffness and, then,
the resistance provided by the substrate increases, cells can
generate acto-myosin forces to assemble integrin clusters, a
prerequisite to form large and mature focal adhesions which,
in turn, regulate spreading area and cytoskeleton assembly
[2, 32, 56, 63-65]. In addition to adhesion area, substrate
stiffness can affect also other morphological parameters and
the intimate connection between cell and microenvironment
is often discusses also in terms of cell shaping [66-69]. That
being said, a deeper analysis of influence of substrate stiffness
and irradiation on cell morphology has been performed by
introducing two parameters to describe cell shape: SF and CI
(see Materials and Methods section and both ranging from 0
to 1 (Figure 4). SF is related to cell perimeter, assuming max
value of 1 for circular cells and approaching 0 when cells have
rugged and irregular boundaries. CI quantifies how rounded a
cell is and it is equal to 1 for circular cells and approaches to
0 in case of elongated cells. SF helps to emphasize the presence
of membrane protrusions (filopodia, lamellipodia, blebs) that are
important for adhesion, migration and mechanosensing [70].
MCF10A cells showed a low SF (~0.2), that decreases with
substrate stiffness but in a not significant way, whereas their
SF resulted to be higher on soft substrate, where cells exhibited
a more flattened shape (Figure5). On the contrary, MDA-
MB-231 cells exhibited a SF that decreased significantly with
substrate stiffness and higher than that of normal tissue cells
on soft substrate. Furthermore, normal tissue and metastatic
cancer cells displayed similar CI on stiff substrate (Figure 5,
Table 2). The effects of irradiation on MCF10A and MDA-
MB-231 cells were very different and sometimes opposite. In
particular, normal tissue cells cultured on both soft and stiff
substrates reduced significantly their CI and SF independently
on dose received; the only exception was represented by cells
on stiff substrate and irradiated with lower dose that increased
their SF (Figure 5, Table 2). We suppose that the reduction of
CI, indicating a more elongated cell shape, is responsible for
the reduction of TER contributing to the increased directionality
of MCF10A cells (Figures2, 3) [71]. In fact, morphological

polarization can induce asymmetrical redistribution of forces
(lower traction forces at cell rear) and consequently the initiation
of a directional migration [72]. Nevertheless, the reduction of SF
could be also considered associated to an increased adhesion of
normal tissue cells, that consequently exhibit lower migration
velocity [29] and reduced AT (Figure 2). On the contrary, the
irradiation had not relevant effects on CI and SF of metastatic
cells on both soft and stiff substrates. The only exceptions were
represented by cells cultured on soft substrate and irradiated with
lower dose and cells cultured on stiff substrate and irradiated
with higher dose that increased their SF (cells appeared more
flattened and to have more regular boundaries). This is in
agreement with MSD data, which denote not significant effects
of irradiation on the dynamics of migration. On the contrary, the
reduced migration of MDA-MB-231 cells can be explained by the
enhanced adhesion, higher spreading area and more stretched
nuclei [29], all conditions that would suggest a more assembled
cell cytoskeleton.

As already discussed, to unravel the mechanisms that regulate
cell behavior after irradiation, it will be needed to study the
molecular pathways involving adhesion molecules, first of all
integrins, FAK and paxillin, which can have important impacts on
both adhesion and invasion. In fact, whereas integrin clustering
is the fundamental to guarantee a proper adhesion, paxillin
has an important role in the regulation of cell adhesion and
motility and is a key participant in physiological and pathological
context (immune response, epithelial morphogenesis, oxidative
stress—which can be consequent to X-ray irradiation, cancer
development, and metastasis) and FAK regulates the dynamics
of focal adhesion and, consequently, cell migration. It has been
already demonstrated that irradiation could promote integrin
expression, improve cell adhesion and inhibit invasion capability
of glioblastoma cells [48]. Conversely, Rieken et al. observed that
increased expression of integrins promoted motile behavior of
the same tumor cells [73]. Furthermore, as previously reported,
irradiation impacts also on the expression of paxillin and
activation of both paxillin and FAK [50, 51, 54, 55] and this
could explain the change of mode of migration we observed in
our work.

CONCLUSIONS

In summary, we proposed two additional parameters, TER
and AT, to describe cell migration of normal tissue and
metastatic cancer cells before and after irradiation when they
interact with physiological (1.3 kPa) and supra-physiological (13
kPa) ECM. In particular, we found that irradiation induced a
sensitive reduction of TER values in MCF10A cells, indicating
that trajectories are more elongated and directionally oriented
compared to control condition. On the contrary, TER of
MDA-MB-231 cells’ trajectories did not change in a relevant
way, indicating that the mode of migration of metastatic
cancer cells, characterized by directionality and high persistence
time [reported in [29]] also in control condition, was not
significantly affected by RT. However, irradiation induced also
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a significant decreased of the area explored by cells during
their movement (AT). Basing on the results found in terms
of morphological parameters and on previous literature here
discussed, we supposed that the variations observed in cell
motility after irradiation could be ascribed to a different
regulation of molecular pathways involving adhesion molecules
(integrins, paxillin, FAK), that play a leading role in adhesion
and migration. This being said, further investigations will be
needed to substantiate these suggestions: the definition of these
parameters, that are easy to interpret and do not require
high expertise in biophysics (differently from MSD), together
with the identification of the molecular mechanisms guiding
cell behavior in response to irradiation by means of more
complex and tissue-like culture conditions (not only mechanical
properties, but also intratumoral solid stresses, dimensionality-
—2D vs. 3D vs. 2.5D curved surfaces, and topographical
signals) might generate a basic knowledge with powerful
translational significance.
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