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Alterations in the cytoskeleton structure are frequently
found in several diseases and particularly in cancer cells.
It is also through the alterations of the cytoskeleton struc-
ture that cancer cells acquire most of their common fea-
tures such as uncontrolled cell proliferation, cell death
evasion, and the gaining of migratory and invasive charac-
teristics. Although radiation therapies currently represent
one of the most effective treatments for patients, the
effects of X-irradiation on the cytoskeleton architecture
are still poorly understood. In this case we investigated
the effects, over time of two different doses of X-ray irradi-
ation, on cell cytoskeletons of BALB/c3T3 and Sv40-
transformed BALB/c 3T3 cells (SVI2). Biophysical
parameters — focal adhesion size, actin bundles organiza-
tion, and cell mechanical properties — were measured
before and after irradiations (1 and 2 Gy) at 24 and 72 h,
comparing the cytoskeleton properties of normal and
transformed cells. The differences, before and after
X-irradiation, were revealed in terms of cell morphology
and deformability. Finally, such parameters were correlat-
ed to the alterations of cytoskeleton dynamics by evaluat-
ing cell adhesion at the level of focal adhesion and
cytoskeleton mechanics. X-irradiation modifies the
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structure and the activity of cell cytoskeleton in a
dose-dependent manner. For transformed cells, radiation
sensitively increased cell adhesion, as indicated by paxillin-
rich focal adhesion, flat morphology, a well-organized actin
cytoskeleton, and intracellular mechanics. On the other
hand, for normal fibroblasts IR had negligible effects on
cytoskeletal and adhesive protein organization. © 2016 Wiley

Periodicals, Inc.
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Introduction

he cytoskeleton (CSK) is a dynamic three-dimensional

structure that plays a prominent role in many cell func-
tions and behaviors. Among these, the CSK, through its
dynamic rearrangement, is responsible for cell adhesion and
shape (Goldman et al., 1996; Mathieu and Loboa, 2012).
The functional unit of CSK adhesion to the extracellular
matrix (ECM) is represented by the focal adhesions (FAs).
These mediate several mechanisms, such as the interactions
among cells or between cells and ECM (Ruoslahti and
Pierschbacher, 1987), the force transmission and the cyto-
skeletal organization and signalling (Kanchanawong et al.,
2010). Finally, concentration and molecular organization of
the CSK components confer to the cells their mechanical
properties and their overall deformability. Moreover, it is
through the CSK that cells are able to sense the mechanical
properties of the surrounding environment. In fact, by
altering the cytoskeletal structure and dynamics, mechanical
stimuli are recognized by cells and can directly influence
cell signalling and gene expression. The global mechanical
state of a tissue may influence the properties of its constitu-
ents (cells, ECM) and their biophysical parameters (FAs,
CSK, stiffness). These, in turn, can trigger a new

H 40



mechanical state transition, which closes the very intricate
series of feedback loops between the tissue and its macro
and micro constituents. When these loop processes are
altered, completely or in part, the tissue architecture
degrades and disease may arise. In this context, the mainte-
nance of the CSK architecture is essential for the correct
functioning of several cellular processes; therefore, it is well-
established that alterations of CSK are commonly associat-
ed with a number of diseases, such as: cardiovascular disease
syndromes (Honda et al., 1998; Gupta et al., 2010), neuro-
degenerative diseases (Benitez-King, 20006), cancer (Cross
et al., 2008; Fletcher and Mullins, 2010), lung injury
(Dudek and Garcia, 2001), and others.

Specifically in the case of cancer, cells acquire several
diverse characteristics such as uncontrolled proliferation, cell
death evasion, ability to remodel the surrounding matrix,
and in the worst-case scenario the capacity to develop metas-
tasis through migration and invasion of distal tissues (Sherr,
1996; Hanahan and Weinberg, 2011). As an essential factor
in both proliferation and survival, the CSK is often a target
of cancer drugs; in particular, microtubule-targeting drugs
are frequently used to control proliferation of numerous
cancer cells (Zhou and Giannakakou, 2005). Tumor pro-
gression requires cells which are able to develop metastatic
focus and in such a process the role of integrins, cadherins
and other adhesion proteins is crucial (Hood and Cheresh,
2002). In fact initially in metastasis formation, the cell—cell
and cell-matrix adhesions have to be disrupted, allowing
release of neoplastic cell from primary tissues (Cross et al.,
2008). The alteration in cell adhesion is naturally associated
with changes in the concentration and architecture of the
CSK (Weber et al., 1974; Beil et al., 2003). Indeed, meta-
static cells are generally characterized by reduced stiffness, in
terms of CSK mechanics. Moreover, they present an
increased migration and invasion ability either because of
the active production of proteases (able to digest the sur-
rounding matrix) or to higher self-deformation ability that
allows cells to move through the tangle of the matrix (Cross
et al., 2008). These observations demonstrate that the alter-
ation of biophysical properties of cells may play a significant
role in tumor-genesis and cancer progression.

Nowadays, one of the most effective treatments for can-
cer is radiation therapy. The ability of ionizing radiation
(IR) to induce dramatic consequences for the cell, by pro-
moting the formation of radicals and reactive oxygen spe-
cies (ROS) which damage DNA and lead to cell death, has
been thoroughly investigated (Puck and Marcus, 1956;
Puck, 1958; Nisse, 1981; Iliakis et al., 2003; Suetens et al.,
2016). But IR can also target other biologically essential
macromolecules, such as lipids and proteins. In particular,
many works reported negative effects of IR on plasma
membrane. After irradiation plasma membrane loses its
barrier function because of variations in the distribution of
negative-charge domains (Somosy et al., 1987, 1989) and
calcium-content, which modify its permeability (Somosy

et al., 1993; Corre et al.,, 2010). IR affects membrane
permeability and fluidity also through two other processes:
lipid peroxidase and fragmentation, which induce mem-
brane destabilization and take place in the hydrophobic and
hydrophilic moieties, respectively (Shadyro et al., 2002).
These alterations are accompanied by morphological
changes of membrane and loss of cell—cell contacts (Somosy
et al., 1993; Onoda et al., 1999). Somosy et al. (1993)
observed in the epithelial layer of the small intestine, a
destabilization of tight junctions that increased cell perme-
ability. Trosko stated the importance of alteration in the
composition and function of intercellular contacts in cell
transformation and carcinogenesis (Trosko, 1996). The
close link between plasma membrane lipids and cell CSK
elicits an obvious response in CSK organization to IR. In
vitro studies indicated that the effects of irradiation depend
on cell type and delivered doses. In many types of cells
exposure to X-ray produces disruption of the actin CSK,
intermediate filaments, and cell contacts (Friedman et al.,
1986; Somosy et al., 1995; Onoda et al., 1999). In endo-
thelial cells and endothelial monolayer, radiations deter-
mined the formation of persistent actin stress fibers and the
redistribution of VE—cadherin junctions by the activation
of a rapid RhoA signaling pathway (Gabrys et al., 2007).
Other works investigated the effects of radiation on the
expression of integrins that, as already stated, are involved
in processes such as cell adhesion, migration, and metastasis
formation. Several studies showed that irradiation of tumor
cells affects integrin expression (Cordes et al., 2003; Abdol-
lahi et al., 2005). The existence of a correlation between
changes in the expression of integrins after X-ray irradiation
and migratory behavior of tumor cells has been studied. In
some cases, higher levels of B3 integrin were accompanied
by increased migration after irradiation (Goetze et al.,
2007). Eke et al. observed that inhibition of B1 integrin
could sensitize head and neck carcinoma cells to radiations
(Eke et al., 2012). On the contrary, it seems that for other
cells the radiation could diminish the hazard of metastasis
and that further cell surface molecules, in addition to B1
integrins, may be relevant for the radiation-dependent regu-
lation of cell migration (Goetze et al., 2007). Many studies
also indicated that subcellular compartment changes,
induced by radiation exposure, could pass through altera-
tions both at a transcriptional and a translational level.
Woloschak et al. demonstrated that IR-induced accumula-
tion of a-tubulin, y-actin, fibronectin, and repression of
B-actin in a dose- and dose rate-dependent way (Woloschak
et al., 1990a,b, 1995).

Even though there is a lot of literature which investigates
the direct and indirect effects of nonlethal IR on CSK, there
are still few reports on how IR affects CSK mechanics,
dynamics, and its direct cross-talk with adhesion substrate
via FAs. In this paper we investigated the impacts of two
different doses of X-irradiation (1 and 2 Gy) on cytoskeletal
stiffness of Simian virus 40-transformed BALBc/3T3
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Fig. 1. Effect of X-radiation on BALBc/3T3 and SVT2 cell proliferation. Proliferation of SVT2 cells in culture was inhibited by
X-rays in a dose-dependent manner (a). The dose of 1 Gy did not change the proliferation rate of BALBc¢/3T3, while there was a sig-
nificant decrease of proliferation when normal fibroblasts were irradiated with 2 Gy of X-rays (b). Values represent the mean of six
replicates = SD. [Color figure can be viewed at wileyonlinelibrary.com]

(SVT2) cells and its normal counterpart BALBc/3T3. The
value of 2 Gy was chosen because it is the dose generally
employed as a fraction in the radiation treatment plans.
Although the energy of the radiation beams used in radio-
therapy is of MeV order, the study of the effects of the same
dosage at energy of 250 kV is crucial; in fact, at this energy
level the X-rays are conventionally used as reference radia-
tion in the calculation of Relative Biological Effectiveness
(RBE).

SVT2 cells were chosen because they resemble in vitro
most of the fundamental characteristics of cancer cells:
uncontrolled proliferation, loss of contact inhibition, a less
spread morphology, a loss of microfilaments and a less
assembled CSK, smaller focal adhesions (FAs) (Akhshi
et al., 2014), and an increased motility and deformability.
In a previous study (Panzetta et al., 2015), we observed
morphological and functional variations after irradiation
particularly in SVI?2 cells. These changes were shown in
terms of reduced proliferative activity, reduced motility and
increased cell adhesive area. Here, we investigated whether
these effects are also associated to alterations of CSK
dynamics, by evaluating cell adhesion at the level of FAs
and CSK mechanical properties before and after X-
irradiation. Starting from these observations, we considered
the cell stiffness evaluation — in connection with the charac-
terization of CSK and FAs — as instructive biophysical
markers to distinguish and/or evaluate therapeutic effects
between healthy and tumor cells.

Results

The Effect of Radiation on Cell Proliferation

The effectiveness of X-irradiation was checked by evaluat-
ing cell viability in both BALB¢/3T3 and SVT2 cells. Cell-
Titer 96® AQueous One Solution (Promega) was used to
measure cell proliferation in control condition and after

irradiation. In control condition, the proliferative capacity
of transformed cells was significantly higher than those of
BALBc/3T3, as already observed (Carrino and Gershman,
1977). As expected, after X-ray treatment viability of SVT2
cells was significantly reduced in a dose-dependent manner
(Fig. 1b), while the proliferation of BALBc3T3 was affected
only by the higher dose (Fig. 1a).

Interestingly, the reduced proliferation of SVTI2 cells is
not because of a lowering of the percentage of cells able to
enter S-phase after X-ray treatment (Supporting Informa-
tion Fig. S1), suggesting that it is more likely that the X-ray
treatment is affecting either the S-phase exit or G/2M
transition (Nusse, 1981; Iliakis et al., 2003; Suetens et al.,
2016).

The Effect of Radiation on Cell Adhesion

Adhesion experiments were performed to evaluate the adhe-
sive capacity of normal and transformed cells in control and
irradiated conditions. Adhesiveness of nonirradiated SVT?2
cells was significantly lower than BALBc/3T3, as has
already been observed for many malignant cells both in tis-
sues (McCutcheon et al., 1948) and on tissue culture sub-
strates (Franks and Henzell, 1970; Weber et al., 1977).
After radiation treatment BALBc/3T3 showed the same
adhesion capacity as untreated cells, while irradiated SVT2
cells showed a significant increased adhesion capacity (Fig.
2). In order to better evaluate the dependence of increased
adhesion of SVT2 cells on radiation dose, two additional
lower doses were tested, 0.25 and 0.5 Gy. A progressive
enhancement of adhesion was observed with radiation
doses: 0.25 Gy dose did not affect adhesion capacity of
transformed cells, while 0.5 Gy did. In fact, the number of
cells which adhere after 0.5 Gy was in between the number
of cells that adhere after 0.25 and 1 Gy treatment (Supporting
Information Fig. S2).

B 42

Panzetta et al.

CYTOSKELETON


http://wileyonlinelibrary.com

| B
M 16y
20 W 206y

Number of Cells per Unit Area

SVT2

BALBc/3T3

Fig. 2. Effect of X-radiation on BALBc/3T3 and SVT2 cell
adhesion to polystryrene dishes. Exposure to 1 and 2 Gy
doses of X-ray significantly enhanced SVT2 cell adhesion, but
did not affect adhesion of normal fibroblasts. Bars represent the
mean of number of adhering cells per unit area = SEM. Data
presented are pooled means of at least 46 images. ***P < 0.001
as compared with controls. [Color figure can be viewed at
wileyonlinelibrary.com]

The Effect of Radiation on Cell Morphological
Changes and FA Size

Using fluorescent microscopy, we further analyzed the
morphology and cytoskeletal organization of cells in both
control conditions and after treatment with two doses of
X-rays. In particular, we analyzed two parameters: (1) The
spindle-shape factor, a parameter which gives indirect infor-
mation about the typical organization of the CSK of fibro-
blasts into elongated filament bundles (stress fibers) parallel
to the polarization direction; (2) The area of single FA,
which typically increases in the direction of their associated
stress fibers through a process driven by actomyosin-
mediated tension. Figures 3 and 4 show morphology and
CSK of BALBc/3T3 and SVT2 cells. In control condition,
BALBc/3T3 cells were characterized by elongated cell bod-
ies with extended processes which give cells the spindle-like
shape, while SVT2 cells showed a round morphology (Fig.
3), probably as a consequence of a reduced adhesion to
culture-dishes (Fig. 2). Radiation substantially modifies cell
morphology. In fact, 24 h after irradiation SVT2 cells
already adopted a more elongated shape which was also
maintained at 72 h, as demonstrated by the significant
decrease of the spindle factor (2<0.001) both at 1 and 2
Gy doses (Fig. 3i—n), while the shape of BALBc/3T3 was
not affected by irradiation (Fig. 3c—h). We observed that
transformation is accompanied not only by a reduced adhe-
siveness, but also by an alteration in the assembly process of

FAs; in fact, SVT2 cells show smaller focal adhesion areas
compared to normal BALBc3T3. There are some studies
which provide evidence that a reduction in cytoskeletal pro-
teins such as actin, tropomyosin and vinculin, is often a key
feature of cell transformation (Fernandez et al., 1992). The
exposure to X-rays produced — even after 24 h — a signifi-
cant increase in the focal adhesion area in BALBc/3T3 cells
(< 0.0001) and in SVT2 cells (2 < 0.0001) (Fig. 4). The
growth of FAs after X-irradiation was strictly correlated to
the cell morphological variations: it was demonstrated that
in fibroblasts FAs grown in the direction of major cell-axis,
are co-aligned with stress fibers and govern cell polarization,
giving the cell its typical elongated shape (Prager-Khoutor-
sky et al., 2011). Over time FA growth after irradiation was
partially recovered in normal cells, even if maintaining a
statistical difference with control cells, while persisted in
transformed fibroblasts (Fig. 4). The reduced spindle shape
factor, the related FAs area growth and the increase of cell
spreading area previously reported (Panzetta et al., 2015)
implicate major assembly of CSK and a replacement of cor-
tical bundles with a network of stress fibers principally in
SVT2 cells.

Cell Mechanics

The mean square displacement (MSD) of nanoprobes
embedded in cell provides information about the motion of
the particles in cytoplasm and, indirectly, about the
mechanics of the cell microenvironment. As a first step, we
compared the MSDs of normal and tumor fibroblasts in
control condition. Figures 5 and 6 show the cumulative dis-
tribution functions of the trajectory in the two cell lines
using two different measures: we measured the radius of
gyration of particle trajectories (Fig. 5a) and the distance
travelled by the MSD at 7 = 1 s (Fig. 5b). The two analyses
showed similar results: a lognormal distribution of particle
displacements in both cells, with higher values in trans-
formed cells. In particular, the radii of gyration in trans-
formed SVT2 cells were significantly higher than in
BALBc/3T3, indicating that the particles move further, in
accordance with the higher MSD amplitude. These results
indicate that the tumorigenicity of cells is probably correlat-
ed with a decrease in stiffness and structural density and an
increase in intracellular activity.

MSD analysis showed that BALBc/3T3 cells responded
rapidly to 2 Gy irradiation, by reducing their intracellular
activity at 24 h, while the effect at 1 Gy was less pro-
nounced. The cumulative distribution function of MSD at
7 =1 s shows lower values when BALB/c 3T3 were irradiat-
ed with a higher dose at 24 h (Fig. 6a). At 72 h the distribu-
tion of particle displacements shifts on the right, but MSDs
are restricted to a smaller range of values, so that the mean
values of the MSD were the same in control and irradiated
conditions (~8 x 10 ~ * pmz/s). The effectiveness of the
higher dose of X-rays was also confirmed by the reduction
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Fig. 3. Representative image of cell morphology (a). Schematic representation of the morphological descriptor, spindle shape fac-
tor, which was used in this study (b). The morphology and cytoskeleton in BALB¢/3T3 and SVT2 cells are compared before (c—i)
and after X-irradiation with doses of 1 Gy (e-f, k-1) and 2 Gy (g-h, m-n). The spindle factor data are presented as mean = SEM
and the number of cells analyzed is indicated in the bars. ***P < 0.001 as compared with controls. Scale bar, 50 pm. [Color figure

can be viewed at wileyonlinelibrary.com]

of the radius of gyration at 24 h (Fig. 6¢). Nevertheless, this
effect was lost at 72 h (Fig. 6d), indicating a recovery of the
initial conditions. However, SVT2 cells already seemed to
be responsive to both doses at 24 h and this effect was
increased at 72 h. In fact, the MSD curves present reduced
amplitudes compared with the curves in control condition
(Fig. 7a-b). In addition, the cumulative distribution func-
tions of the MSD and radii of gyration show smaller values
at both investigated times and for both X-rays doses (Fig.
7).

Discussion

Tumor progression is associated with the enhanced ability
of cells to move and invade adjacent tissues and migrate
towards distant sites. Several works demonstrated that the

aggressive phenotype of cancer cells is correlated with alter-
ations of adhesion receptors and CSK architecture, deregu-
lation of CSK dynamics mediators and changes in
migratory properties (Lark et al., 2005; Desgrosellier and
Cheresh, 2010). All these alterations result in variations of
cell mechanical characteristics: as cancer cells become more
aggressive and invasive, thcy present decreased cell stiffness.
In this context, stiffness is not only a predictor of invasive
potential, but it can be used also as a gauge of effectiveness
of anti-cancer treatments. In this work we studied the direct
effects of X-irradiation on the CSK
transformed SVT2 cells and their healthy counterpart,
BALBc/3T3 cells, by evaluating, as far as we know for the
first time, CSK mechanics and its direct cross-talk with

structure Of

adhesion substrate via FAs. As already stated, the aggressive
and malignant phenotype of SVTI2 cells is associated with
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Fig. 4. BALBc/3T3 and SVT2 cells were fixed and stained with phalloidin (red, actin) and immunostained to detect paxillin (green, FAs).
Representative images of the organization of actin filaments (a) and FAs (b) of BALBc/3T3 cell, binary image of FAs obtained by thresholding meth-
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n) and 2 Gy (i, o—p). Data related to FA areas are presented as mean = SEM and the number of FAs analyzed is indicated in the bars.
%P < 0.001 as compared with controls. Scale bar, 10 pm. [Color figure can be viewed at wileyonlinelibrary.com]
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weak and altered expression of FA proteins. The smaller
size of FAs we observed in transformed cells is probably
responsible for the modest adhesiveness to the culture dish
(Fig. 1), but also for the SVT?2 abilities to grow in suspen-
sion in a semisolid medium (Stoker et al., 1968) and the
loss of adhesion-dependent growth control (Shin et al.,
1975). Indeed, the decrease in paxillin level stimulates the
disassembly of stable FAs, as demonstrated by the reduced
dimensions of FAs in SVT2 cells, shifting the dynamic
equilibrium between soluble and assembled FA proteins.
The reduction of FA dimensions in SVT2 cells was also
associated with an alteration of the CSK protein expression
and organization (Fusco et al., 2015). The direct conse-
quence of this dysregulation is a profound reduction in
cell-substrate adhesion and a round cellular morphology
(Panzetta et al., 2015). As previously reported, we found a
strong correlation between cell adhesion to substrate, FAs
assembly, actin-CSK architecture and cell mechanical prop-
erties (Fusco et al,, 2015). We used particle tracking

microrheology (PTM) to evaluate the intracellular mechan-
ics of BALB/c3T3 and SVT2 cells, measuring MSDs and
radii of gyration of tracked beads. The presence of nonther-
mal driving forces does not allow us to derive viscoelastic
moduli, nevertheless MSD amplitude was shown to be
inversely related to intracellular stiffness (Brangwynne
et al., 2009). Working on that principle, we performed
PTM experiments that showed how MSDs and radii of
gyration in SVT?2 cells are sensitively higher than in BALB/
c3T3 cells, because of a less dense and more active cytoskel-
etal network. These results suggest that when adhesion and
CSK structure are compromised, SVT2 cells result softer
and more able to deform, migrate and invade other tissues
(Gal and Weihs, 2012), supporting our previous observa-
tion of increased motility in transformed cells (Panzetta
et al., 2015).

Radiation therapy was established to be an effective treat-
ment for various cancers, but the study of its possible effects
on CSK stiffness of cancer cells is limited. Considering the
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direct correlation between metastatic, aggressive phenotype
of cancer cells and their biophysical and mechanical proper-
ties, it is necessary to make an evaluation of the effects of
IR on biophysics of cancer cells. The aim of this study was
to evaluate for the first time cell response to IR in terms of
CSK structuring and stiffness. As previously shown (Pan-
zetta et al., 2015), we observed here that cell proliferation
of transformed SVT?2 cells is more significantly impaired by
X-ray treatment. Possibly the greater radio-sensitivity of
transformed cells might be because of a lower expression of
adhesion-associated proteins and integrin receptors, as dem-
onstrated by anoikis induction and radio-sensitization in
the case of silencing/inhibition of integrins (Eke and
Cordes, 2015). Interestingly, our study provided evidence
that the 1 Gy dose is sufficient to produce morphological
and functional variations of SVI2 cells. In particular, a
low-dose of X-irradiation was sufficient to reduce cell via-
bility, increase the spreading area (Panzetta et al., 2015),
recover the elongated phenotype and augment FAs size, cell

adhesion efficiency and mechanical properties of SVT2
cells. The increase in cell-substrate contact area was an
indirect marker of enhanced cell-ECM adhesion, accompa-
nied by receptor recruitment to anchoring sites (integrin-
ligand clustering) and then by a local membrane stiffening
because of FAs assembly. Consequently, we observed the
formation of greater paxillin-containing FAs. The increase
of expression level and recruitment of paxillin at FAs sites
was naturally associated with the actin- and myosin-
containing stress fibers, necessary to give strength for the
FAs maturation and maintenance (Zaidel-Bar et al., 2003).
Probably the cytoskeletal changes observed after irradiation
were related to the central role of the actin in the protection
of cells from X-ray-induced oxidative stress. Indeed, Farah
et al. demonstrated that actin and its associated proteins are
trapped into actin oxidized bodies during oxidative stress
events. These bodies protect cells from further oxidative
damages and constitute a store of cytoskeletal proteins
which guarantee the reassembly of the CSK (Farah et al.,
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2011). The enrichment and the organization of stress-fibers
and their associated FAs produced, in turn, a stiffening of
the CSK, as demonstrated by PTM analysis. In fact, both
MSDs and radii of gyration showed reduced values, reveal-
ing changes in the internal mechanics and activity of both
cell lines, but particularly in transformed cells. The growth
of the cell spreading area, the increased actin polymeriza-
tion and focal adhesions, and the consequent CSK stiffen-
ing are probably associated with the reduced motility
previously observed (Chen et al., 2008; Fusco et al., 2015;
Panzetta et al., 2015). In fact, several studies reported that
the overexpression of a-actinin, vinculin, tropomyosin, or
other cell adhesion molecules associated with the cytoskele-
tal network may work as tumor suppressor (Fernandez
et al., 1992; Tsukita et al., 1993; Boyd et al., 1995; Yam
et al., 2001). It was also demonstrated that the overexpres-
sion of individual proteins involved in the stabilization of
FAs and CSK, suppressed the ability of cells to migrate or
form colonies in soft agar (Cunningham and Gorlin, 1992;
Fernandez et al., 1992). However, other studies reported
contrasting results about the effects of X-rays on tumorigen-
ic and metastatic behavior of cells. Some works actually
showed that a sublethal irradiation augments aggressive and
metastatic potential of cancer cells (Wild-Bode et al., 2001;
Qian et al., 2002; Camphausen et al., 2001; Cheng et al.,
2006). In this regard, a close-relationship between the
effects of radiation (on the increased ability of different cell
lines to form metastasis) and the integrin overexpression
becomes apparent (Onoda et al., 1992; Cordes et al., 2003;
Goetze et al., 2007). B1 and B3 integrins were identified as
playing a key role not only in adhesion, but also in regulat-
ing the expression and the activity of MMP-2 and MMP-9,
promoting both migration and proteloytic degradation of
ECM (Cordes et al., 2003). Increased integrin expression
enhanced the number of cells able to adhere to specific
ECM proteins after irradiation (Cordes et al., 2003), in
other cases radiation-promoted migration was accompanied
by decreased expression of the focal molecules FAK and
paxillin (Hwang, 2006). However, other studies demon-
strated that X-irradiation effectively suppresses cell migra-
tion and invasiveness (Bauman et al., 1999; Goetze et al.,
2007; Ogata et al., 2005) and found that carbon beam irra-
diations are more efficient (Akino et al., 2009; Ogata et al.,
2005). When migration was impaired by irradiation, integ-
rin expression and migration were not always correlated
thus suggesting that other surface molecules could be
involved in the radiation effects on tumor cell migratory
behavior. The discrepancy between these results indicates
that it is not possible to generalize the results observed, and
that radiation-induced effects are necessarily cell line-
dependent. In the light of what has been said we can indeed
conclude that X-ray restores the biophysical and mechanical
properties of SVT2, phenomenon that most likely influen-
ces also the proliferation and migration of SVT2 cells after
X-ray treatment.

Conclusions

In summary, we found that X-irradiation sensitively
increased cell-ECM adhesion, as indicated by paxillin-rich
FAs, flat morphology, well-organized actin CSK and, conse-
quently, increased intracellular mechanical properties in
transformed cells. Alternatively, IR has negligible effects on
cytoskeletal and adhesive protein organization of normal
fibroblasts. Therefore, some cell biophysical parameters
(such as the stiffness), when accompanied with the character-
ization of CSK and FAs, may become an instructive marker
with which to distinguish and/or evaluate the therapeutic
effects between healthy and tumor cells. If correlated to the
loss of tumorigenic and metastatic behavior of cancer cells
they could, at the same time, be used in a preclinical context
to design and optimize radiation therapy treatments.

Materials and Methods

Cell Cultures

Experiments were performed on BALB/c 3T3 and Sv40-
transformed BALB/c 3T3 cells (SVT?2). Cell lines were cul-
tured at 37°C in 5% CO, in Dulbecco’s modified Eagle’s
medium (Euroclone., UK) supplemented with 10% fetal
bovine serum (FBS, BioWhatter, MD), 2 mM L-glutamine
(Sigma, St. Louis, MO), 1000 U/L penicillin (Sigma, St.
Louis, MO), and 100 mg/L streptomycin (Sigma, St. Louis,
MO).

Cell X-Rays Irradiation

Cell lines were exposed to X-rays produced by a Thomson
tube (TR 300F, 250 kVp, 0.8 Gy/min, Stabilipan, Siemens)
and filtered by 1-mm-thick copper foil. Irradiation was per-
formed using the facility installed at the Department of
Physics of University of Naples Federico II. Before each
irradiation, a physical dosimetry was performed, using an
ionization chamber (Victoreen, Modling, Austria).

Cell Proliferation and Cell Cycle

Cell proliferation was evaluated using CellTiter 96® AQue-
ous One Solution Cell Proliferation Assay (Promega)
according to the manufacturer’s protocol. 24 h after irradia-
tion, cells were incubated with Cell Titer 96® One Reagent
for 90 min, absorbance was then read at 490 nm using a
plate reading spectrophotometer. Average absorbance from
six replicates for each time and treatment was calculated
and expressed as fold change of control at 24 h.

Immunofluorescence Labelling

BALB/c 3T3 and SVT2 cells were cultured at a density of
1000 and 2000 cells/cm?, respectively. Cells were fixed and
immunostained to quantify the spreading area and FA
dimensions in control condition and at 24 and 72 h from
irradiation. After washing twice with phosphate-buffered
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saline (EuroClone), cells were fixed in 4% paraformalde-
hyde (Sigma-Aldrich) for 20 min, rinsed twice with PBS
and permeabilized in 0.1% Triton X 100 (Sigma-Aldrich)
for 10 min. Cells were washed three times in PBS and
blocked for 15 min in 5% bovine serum albumin (BSA,
Sigma-Aldrich). Cells were then incubated for 1 h with
anti-paxillin antibody (Abcam), at 1:300 dilution in PBS-
BSA. Then, cells were washed for three more times and
incubated for 1 h with the secondary antibody, Alexa 488
anti-rabbit (Invitrogen) at 1:500 dilution and Alexa 568
phalloidin (Invitrogen) at 1:40 dilution.

Adhesion Assay

The cell adhesion to polystyrene was studied in control and
irradiated conditions. 24 h after irradiation, 2 X 10% not
irradiated, irradiated (1 and 2 Gy) cells were washed, trypsi-
nised and plated on 35-mm Petri dishes. After 4 h incuba-
tion at 37°C, nonadherent cells were gently washed with
PBS and adherent cells were fixed in 4% paraformaldehyde
(Sigma-Aldrich) for 20 min and nuclei were counterstained
with Hoechst 33342 (Life Technologies). The adherent cells
were determined by counting the stained nuclei in a repre-
sentative unit area (3.6 X 10° umz).

Quantification of Cell Morphological Changes
and Focal Adhesion Size

Specimens were imaged using an Olympus IX81 inverted
microscope and a 10X objective to quantify cell spindle fac-
tor and 100X objective to quantify FA area. Fluorescent
images were imported into Image] software (NIH, Bethesda,
MD, USA) for postprocessing analysis and quantification of
the cell spindle factor (cellular footprint) and FA area. Indi-
vidual cells were outlined and changes in cell shape in control
and irradiated conditions were quantified by a spindle factor,
defined as 4m(area)/perimeter, approaching 1 for a round
and 0 for an elongated cell. To quantify the focal adhesion
average area, the paxillin images were assembled into a stack.
First the stack was Gaussian-filtered using a radius of 30 pix-
els. This stack was then subtracted from the original stack to
reduce diffuse background signal. Adhesions were measured
by thresholding the stacks and using an ellipse-fitting func-
tion in Image]. Objects with area <0.1 umz were discarded,
in order to avoid possible errors because of background noise.
Areas of individual focal adhesions were determined for both
cell lines in control and irradiated conditions for all investi-
gated time points (24 and 72 h).

Particle Tracking: Ballistic Injection

Carboxyl-modified fluorescent polystyrene particles (0.500
pum diameter, Invitrogen, Molecular Probes) were intro-
duced into the cytoplasm of BALB/c3T3 and SVT2 cells
using a ballistic gun (Bio-Rad, Hercules, CA). Helium gas
at 450 psi was used to force a macrocarrier disk coated with
particles to crash into a stopping screen. The force of the

collision was transferred to the particles, causing their disso-
ciation from the macrocarrier and the bombardment of tar-
geted cells. Once bombarded, cells were washed extensively
in order to avoid active entering of nanoparticles via endo-
cytosis. The cells were allowed to recover for 24 h, before
re-plating. Each dish was supplemented with 2 mL of
media and subsequently incubated for 24 h at 37°C, 5%
CO,. After incubation, videos were recorded for a total of
6 s at 50 fps (yielding a total of 300 frames per video) using
a fast digital camera (Lambert Instruments, Roden, The
Netherlands) attached to a PC and Cam control video cap-
ture software. These were taken with an Olympus IX70
(Olympus, Mellville, NY) equipped with a fluorescence
mercury lamp (Olympus U-RFL-T) microscope at 100X
magnification. Videos were kept short to avoid photo-
bleaching of the particles and active transport of particles
caused by cellular motors. To perform experiments under
physiological conditions, a microscope stage incubator
(Okolab, Naples, Italy) was used to keep cells at 37°C and
5% CO,, which is supplied as a 5/95% CO,/air mixture.
Ten cells were analyzed for each condition and an average
number comprised between 30 and 50 particles was tracked
for each cell.

Particle Tracking Microrheology: Mean Square
Displacement Method and Radius of Gyration

Particle tracking microrheology (PTM) is a popular tech-
nique for probing intracellular dynamics. By using a video
particle nano-tracking, the particle displacements are tracked.
To generate the point tracking trajectories, the algorithm had
to perform two distinct steps: first, it had to detect the points
in each frame and then it had to link such points into trajec-
tories. In our self-developed Matlab® (Matlab 7) code, each
position was determined by intensity measurements through
its centroid, and it was compared frame by frame to produce
a trajectory for each particle, based on the principle that the
closest positions in successive frames belong to the same parti-
cle (proximity principle). After obtaining the trajectories of
the nanoparticles, MSDs were calculated from the trajectories
of the centroids of the microspheres

<A (1) > = < [x(t—1)—x(e))* + [y(t—1)—y(2)]* >
1

where means time average, 7 is the time scale and # the
elapsed time.

The R, was calculated as the average distance between all
measured positions in a trajectory:

1 N N = =\2
R; - 2—]\722,‘:1 ijl ) 2)

PTM was used to monitor the local viscoelastic properties
of living cells, assuming that particles embedded in the
cytoplasm are subjected only to thermal fluctuations and
that the material is a (hydrodynamic) continuum,
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homogeneous and incompressible (Einstein, 1905; Tseng
et al., 2002a,b; Squires and Mason, 2009). However, living
cells are dynamic and far from equilibrium systems, in cyto-
plasm not only thermal fluctuations, but also active process-
es, such as cytoskeletal filaments remodeling and forces
generated by motor transport, are present (Hoffman et al.,
2006; Brangwynne et al., 2009). This means that the mean
squared displacements (MSDs) cannot be related to rheo-
logical parameters by using the generalized Stokes-Einstein
equation in the case of living cells. However, the MSD gives
information about the mechanical properties of cell envi-
ronment. It was also demonstrated that the MSD ampli-
tude is inversely proportional to the local stiffness in cells
(Hoffman et al., 2006; Brangwynne et al., 2009). In order
to gather information concerning intracellular structure and
mechanics of BALB/c 3T3 and SVT2 cells before and after
X-irradiation, we used two parameters: MSD and the radius
of gyration (R,) (Gal et al., 2013). The former is a statistical
measure of time-dependent particle displacements; the lat-
ter is an averaged measure of the trajectory size.

Statistical Analysis

Data are reported as mean = standard error of the mean
(SEM), unless otherwise indicated. Statistical comparisons
were performed with a Student’s unpaired test. 2 values of
<0.05 denote statistically significant difference.
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