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Microtubules are one of the three components of the cell cytoskeleton. They are hollow
wires, with a diameter of about 25 nm, formed by 13 laterally associated protofilaments
composed by dimers of « and g-tubulin. Microtubules are dynamic structures which
undergo constant modifications by shrinking and elongating in a phenomenon called
treadmilling. Microtubules intervene in various fundamental aspects of the biology of a cell.
They contribute to determine the shape of a cell, play a role in the cell movement, and in the
intracellular transport of organelles during motion and mitotic chromosome segregation.
Despite the relevance of the processes mediated by microtubules most studies on the
effects of ionizing radiations focus their attention on the damages delivered to DNA. In this
paper we attempt to assess the effects borne by IRs to the microtubules network as a
biological target. In this study we irradiated Hs 578Bst cells (a no-cancer, no-immortalized,
human breast epithelial cell line) with an 8 Gy single dose of either X-rays or protons. After
the irradiated cells fixation, the microtubules were imaged by means of stochastic optical
reconstruction microscopy to characterize the network disruption. In our results,
Microtubules fibers integrity appears to not have been significantly affected at the
administered dose of protons and X-rays, nonetheless we observed differences in the
MT network distribution and fiber curvatures.

Keywords: microtubules, protons, Hs 578Bst cell line, ionizing radiations, super resolution microscopy

INTRODUCTION

Microtubules (MT) are one of the three components of the eukaryotic cell cytoskeleton. MTs are
modular structures composed of protofilaments which are sequences of heterodimers made by pairs
of a- and g-tubulin monomers (ap-tubulin) that align in a head-to-tail fashion [1]. Filaments of
ap-tubulin laterally associate eventually closing up to form a hollow wire-like structure made of 13
protofilaments. MTs are dynamic structures which undergo constant elongation and shrinkage
through polymerization and depolymerization in a phenomenon called treadmilling. The
homeostasis of the MT lattice, alternatively defined “dynamic instability,” is thus controlled by
the balance between the processes of adding and removing ap-tubulin heterodimers which
determines the phases of growth and shortening of the tubules. The phase when the balance of
the process tips in favor of a rapid depolymerization is called “catastrophe,” whereas the opposite
phase, where protofilaments recover, is called “rescue” [2, 3]. Since protofilaments are oriented
sequences of polar «p-tubulin heterodimers their concatenation results in the construction of
protofilaments with polar ends that exhibit different behavior with respect to the processes of
polymerization and depolymerization, the first taking place prevalently at the “plus end” of the
filament where g-tubulin is exposed.
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FIGURE 1 | Schematic representation of a centrosomal microtubule-
organizing center tied to the nucleus and the microtubule organization
proximal to the edge of a cell.

The hydrolysis of GTP bound to the E-site of g-tubulin into
GDP is the key process that drives the MT conformational
changes, leading the entire web toward rearrangements and
generating mechanical strain on the microtubules [4, 5].

MTs stretch out from cellular structures called microtubule-
organizing centers (MTOC) and extend toward the boundary
of the cell. Centrosome-based MTOCs (cMTOC) were thought
to be the most relevant centers organizing MT's until a recent
paper [6] showed that in several animal cells they are neither
the only nor the most relevant MTOC:s, since they account for
less than 10% of the overall MTs web. In these cells other
cytoplasmatic sites, such as the Golgi bodies and other sites
located in proximity of the cell boundary, were found to
originate and organize MT bundles. This new fact sheds
light on the MT network role and importance and is
spurring new studies on the topic. Figure 1 depicts an
example of MTs organization, distribution, and density as it
could be structured in a fibroblast. Even though MTOCs can be
everywhere throughout the cell cytoplasm, the MT density in
fibroblasts is unevenly distributed and generally higher in
regions far from the cell boundaries. Figure 2 shows the
MT network of a cell taken from the control set of our
experiment reconstructed by means of STORM imaging.

Treadmilling causes the MT web to transform and rearrange
generating mechanical strain [5]. The dynamic instability
between the phases of growth and shrinkage induces MTs to
constantly bend and buckle that often results in MT lattice
breaking, a type of event that, at a sufficiently high occurrence
rate, affects many cellular activities, such as migration, motility,
and chromosome segregation [7]. The MTs elastic properties are
the physical factors that determine the way MT fibers respond to
mechanical strain and stimuli. These properties ultimately are
determined by the molecular structure of the filaments and it has
been shown that any disruption that may interfere with the
polymerization also alters the basic elastic characteristics of an
MT (e.g., the Young modulus) thus changing its mechanical

FIGURE 2 | MT STORM image of a control cell (Hs 578Bst cell line).
a-Tubulin probed with mouse anti-human primary antibody and goat anti-
mouse AlexaFluor 555 as the secondary antibody.

properties [8, 9]. MTs are involved in an extensive range of
cellular processes such as intracellular transport, chromosome
separation during mitosis, cell polarity, and morphogenesis
tuning. MTs make up structural elements that control cilia
and flagella. Since MTs are fundamental constituents of other
cytoskeletal structures, such as the mitotic spindle involved in the
cellular proliferation, they became a biological target for the
treatment of cancer.

IRs are largely used for treating oncological pathologies
because rapidly proliferating cancer cells are more sensitive
than normal cells in relation to DNA damages. Nonetheless
therapeutic protocols make use of different types of radiations,
namely photons and protons, each one having different RBE
[10-12].

RBE is measured from the dose response curve using an
endpoint, namely the survival fraction, as a reference. The
survival curve is usually fitted with a linear-quadratic
mathematical model which is still today the most important
tool in preclinical and clinical radiobiology. The interpretation
of linear-quadratic model parameters could be strictly linked to
DNA damages such as base damages or strand break [13].
However many could be considered as primary endpoints
such as double strand breaks, chromosome aberrations,
mutations, foci formation, and micronuclei formation which
also fit the linear-quadratic relationship leading to the same
RBE relationship as for cell survival [14].

It is a general assumption that, similarly to genomic DNA,
macromolecules that play vital roles in the cell physiology are
affected by IRs but less is known about the IR specific
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effectiveness in damaging such structures. It can be argued that
specific radiation types can have differential disruption efficacies
that could lead to differential probabilities of cellular death
[15, 16].

For example tumor cells irradiated with protons show a higher
apoptotic rate than those irradiated with photons. Some studies
suggest that proton irradiation might significantly impair the
primary cancer cells step-up to the metastasis formation and in
addition low-energy protons could comparatively be more
effective than photons in inhibiting the metastatic cells
migration [17]. For this reason when examining radiation
effects on cellular growth the specific damages delivered to
cytoskeletal structures ought to be taken into account.

It is well established that there are effects that are not related to
the direct delivery of energy to the DNA of cells affected by
radiation. These effects include signaling pathways that are not
dependent on DNA damage, bystander responses, adaptive
responses, low dose hypersensitivity, genomic instability, and
the inverse dose-rate effect [18].

The aim of the present paper is to carry out a preliminary
study of cytoskeletal microtubules as biological targets of IRs such
as protons and X-rays. We irradiated with an 8 Gy single dose of
either X-rays or protons since in unpublished data collected with
atomic force microscopy we observed that significant cytoskeletal
remodeling took place at about 8 Gy.

In the case of breast cancer the therapeutic approach includes
the irradiation of non-cancer tissue bordered by the neoplastic
resected masses. For this reason in the presented study we used
the Hs 578Bst cell that comes from the normal breast tissue
peripheral to an infiltrating ductal carcinoma and is the nearest
cellular model to the breast epithelial tissue used in a
conventional cell biology laboratory. We irradiated cells taken
from the Hs 578Bst cell line and attempted an assessment of the
induced modifications by comparing the MT networks density,
distribution, and curvature using stochastic  optical
reconstruction microscopy (STORM).

MATERIALS AND METHODS
Cell Culture

Cells of the human breast cancer Hs 578Bst cell line were
purchased from American Type Culture Collection (ATCC) in
partnership with LGS standard. Hs 578Bst cells were cultivated
on Hybrid Care Medium (ATCC), provided with 10% of fetal
bovine serum (Invitrogen). Cells were incubated at 37°C in a
humidified atmosphere at 5% CO,. The cell culture dilution was
carried out as soon as 90-100% of the cell dish bottom was
covered, and the cell medium was refreshed every 48-72 h.

Sample Preparation and Irradiation

Before cell seeding and irradiation, the coverglasses (Marienfeld),
20 mm” wide and 1.5 mm thick, were sealed on the bottom of the
cell dishes, in order to avoid them floating through the medium.
The bottom was previously washed with PBS (Lonza) 1X, suitable
for cell culture. The dishes were left open under the cabinet flow
for about 30’ to dry them and to secure the coverglass sealing.

IR Effects on Hs 578Bst Microtubules

After, the sealing cells were seeded homogeneously on the
coverglass, at the concentration of 4,000 cells/ml. Cells were
irradiated 24 h after this procedure was completed.

Proton Irradiation of Hs 578Bst Cell

Since the experimental set up of the proton irradiation facility
required the dishes to be placed upright, they were completely
filled with medium in order to keep the cells submerged. To
prevent medium leaking, dishes were wrapped with parafilm®.
Cells were irradiated at the Proton Therapy Center
(Trento—TItaly) with a 150 MeV proton beam and a dose rate
of 1.2Gy/min. The total dose delivered was 8 Gy without
fractioning, a dose that corresponds to the center of the
spread-out Bragg peak. The combination of a tantalum foil
and a collimation system (made of PVC) ensured a
homogeneous dose delivery into an area of 6 cm? significantly
larger than the cell dish size [19]. After the irradiation, each
sample was placed into an incubator suitable for cell culturing,
waiting for the induced radioactivity to decay.

Hs 578Bst Cell Line X-Ray Irradiation

X-ray irradiation was done using an Xstrahl cabinet irradiator at
the Trento Institute for Fundamental Physics and Applications
facility. Single exposure 8 Gy doses were delivered at an applied
voltage of 195 kVp. The cell dishes were placed on a rotating plate
within the irradiator cabinet, so as to uniformly deliver the dose to
the overall cell cultures.

Nanoscopy Imaging
Sample Preparation

After the sample irradiation procedure, cell medium was removed
and samples were washed with PHEM 1.5X. After prefixation/
denaturation with a mix of glutaraldehyde (Sigma) and triton
(Sigma), cells were fixed with paraformaldehyde (Sigma) and
glutaraldehyde (Sigma) for 10’ and then washed three times with
PBS 1X (Sigma). After blocking with BSA (Invitrogen), cells were
incubated with anti «-tubulin (Sigma) for 1h at 37°C. The
antibody was diluted in PBS with BSA at 1%. Following the
primary hybridization, the samples were washed with PBS 1X, to
get rid of antibody excess and incubated with secondary antibody
[Alexafluo 555—(Sigma)] diluted in PBS 1X supplemented by
BSA 1%. The reaction took 1 h at 37°C. Then the samples were
washed with PBS 1X from the excess of the antibody mix solution
and fixated with formaldehyde (Sigma) and again washed with
PBS 1X. After the aldehyde reactions were blocked with NH4Cl,
the samples were stocked at 4°C within sterile PBS 1X waiting for
super resolution microscopy measurements.

Imaging

Samples were mounted with the SMART Kit buffer (Abbelight,
Paris, France). The 3D STORM images were acquired using a
SAFe360 module (Abbelight) coupled to an inverted bright-field
Olympus IX71 microscope, equipped with a x100 oil-immersion
objective with a high numerical aperture (1.49 NA). This quad-
view system (dual-cam sCMOS cameras, Orcaflash v4,
Hamamatsu) provided 3D nanoscopy information with high
isotropic localization precision (15nm x 15nm x 15nm).
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FIGURE 3 | MT STORM image of a control cell (Hs 578Bst cell line). The
4 um annular band marked in red is the region selected to evaluate the MT
occupancy and curvature.

Axial information was obtained by a technique named DAISY
[20], coupling super-critical angle fluorescence (SAF) and strong
astigmatism of the point spread function. Twenty-thousand
frames at 50 ms were acquired to collect the single-molecule
detections and reconstruct a nanoscopy image. The resulting
coordinate tables and images were processed and analyzed using
the SAFe NEO software (Abbelight).

Statistical and Data Analysis

STORM images were analyzed using the Image] software [21] to
calculate the MT area occupancy. Control and irradiated groups
were compared with one-way ANOVA and a Tukey statistical
test. Filament reconstruction and MT curvature were calculated
with the MATLAB® based SIFNE software [22]. Statistics and
graphing were performed in MATLAB. For each population the
Kolmogorov-Smirnov statistical test was performed on a
subpopulation of 300 randomly extracted values.

RESULTS

The contribution of secondary radiation generated by the
interaction between the proton beam and the experimental
setup (Petri dish and culture medium) was estimated with a
Monte Carlo Fluka simulation [14, 15] whose details are outside
the scope of this paper. The simulation results showed this
contribution to be negligible with respect to the dose delivered
by the primary beam (secondary dose contribution <1%).

A comparison of the MT network structural organization
between control and irradiated cells showed no observable MT

IR Effects on Hs 578Bst Microtubules

ruptures. We estimated for each cell both the total and peripheral
occupancy ratio of the MT network. The total occupancy ratio
was calculated dividing the total MT network extension,
measured as the number of MT-identified pixels, by the total
area of the cell. The total area of the cell was estimated by
counting the number of pixels contained in a polygonal region
drawn as to accurately delimit the external boundary of the cell.
The peripheral occupancy ratio was calculated dividing the MT
network extension contained in an annular region along the cell
boundary by the total MT network extension. The annular band
of a cell was delimited on the outer edge by the polygon that
contains the entire cell and, on the inner edge, by the same
polygon rescaled by a factor suitable to have a ~4 ym width.
Figure 3 shows an example of such annular bands. The generally
lower density of MTs near the cell boundaries and the smaller
cellular thickness in such regions reduce the probability of MT
overlapping and buckling thus enabling a more accurate
identification and analysis of the fibers with SIFNE. Table 1
summarizes the computed total and peripheral occupancy ratios.

The different occupancies are also evident in the 3D color
visualization (supplemented material). The control cell shows a
higher (Supplementary Figure S1) (green) region clearly located
near the nucleus, a cell zone where the centrosomal microtubule-
organizing center (cMTOC) is placed. Usually in proliferating
(i.e., cancer cells) and not in differentiated cells the cMTOC is
found in a similar cell site [17]. The MT network of control cells
seems to originate from a specific point near the nucleus. On the
contrary, in the irradiated samples it is not possible to recognize
such organization and a different distribution is also
demonstrated by a color map indicating different altitudes.
Control and irradiated groups were compared with a one-way
ANOVA test that showed no statistical difference in the total
occupancy ratios (p = 0.12) but revealed a significant difference in
the peripheral occupancy ratio when comparing the control and
the irradiated groups (p = 0.02). The outcome of the former test was
confirmed by a Tukey test which indicated significant differences
between the control and proton irradiated groups (p = 0.02) as well
as between the control and X-ray irradiated groups (p = 0.03). The
same test rejected a difference between the two irradiated groups
(p = 0.88). The second characteristic investigated was the MTs
curvature. The molecular aspects of MT functions have been
intensively studied, but how the global MT networks collectively
contribute to the physical and biochemical attributes of cells has not
been fully understood [8, 23]. Nonetheless, the potential importance
of the latter is supported by emerging examples in which the physical
properties of MTs directly participate in cellular physiology in a
highly regulated manner [6, 24].

The analysis of microtubule bending, especially in vivo, may
serve as a useful tool for measuring the net mechanical stress in
different regions of the cell. In addition, microtubule buckling

TABLE 1 | Computed total and peripheral occupancy ratios.

(%) Control Protons X-ray
Total occupancy ratio 21+9 25 + 12 7+4
Peripheral occupancy ratio 54 +9 98 + 20 92 +8
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FIGURE 4 | Microtubule reconstructed filaments occupying the 4 um
band identified as the leading edge of the cell. MTs were reconstructed with
the SIFNE software, using the cell shown in Figure 3.

near the cell edge suggests mechanical compression [25]. To
analyze MT curvatures we used SIFNE software, to both
reconstruct the MTs and calculate the curvature values of each
selected filament [22].

We selected a sector of the annular band that encompassed the
leading edge of the cell, where the curvatures of the MT's were more

IR Effects on Hs 578Bst Microtubules

TABLE 2 | Pixelwise curvature mean and standard deviation (SD) of each group.

Control (rad/mm) Protons (rad/mm) X-ray (rad/mm)

0.33 + 0.48 0.35 + 0.60 0.34 + 0.49

evident. In Figure 4, an example of the SIFNE-reconstructed MTs is
displayed for the selected sector of a control cell. In migrating cells,
the MT structure is polarized toward the direction where the cells are
moving. In fibroblasts and endothelial cells, the centrosome and
most MTs are oriented toward the leading edge [26]. Also epithelial
cells have MTs oriented in such a way that plus ends are stretched
toward the leading edge, where the MTs growth prevalently takes
place [9, 27, 28].

We extracted from the SIENE internal data structures the
whole collection of single pixelwise (pw) curvature data in order
to proceed with the computation of the mean values. Since the
curvature average values were calculated out of the whole set of
individual reconstructed MT pixels contained in the selected
sector we disregarded the fact that filaments had in general
been clipped by the selection of the region of interest. For
each cell and for all reconstructed filaments the pw curvature
values were computed [22]. In Figure 5A shows the distributions
of the pixelwise curvature values of the control and of the X-ray
irradiated cells while in Figure 5B the same distributions are
shown for the control and proton irradiated cells. The pw
curvature mean and standard deviation (SD) of each group are
shown in Table 2.

These values in Table 2 are in complete agreement with
literature [29].

A pairwise comparison of the control group with the two
irradiated groups based on the Kolmogorov-Smirnov test did not
reveal statistical difference (p = 0.76 for the control/protons
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FIGURE 5 | Pixelwise curvature distribution of the reconstructed MTs of the control and the proton-irradiated samples (A). Relative pixelwise curvature distributions
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FIGURE 6 | Pixelwise curvature distribution of the reconstructed MTs for pixelwise curvature values >0.92 rad/um. (A) Control and proton-irradiated samples, (B)
control and X-ray irradiated samples.

comparison, p = 0.23 for control/X-ray comparison). We explain
the lack of significant difference between the groups with the fact
that the curvature distributions are highly concentrated at low
values, as the median values of the curvatures were 0.27 rad/ym
for the control group and ~0.25 rad/um for both the irradiated
groups. We then focused our attention on the high curvature
values in the tail of the distributions limiting our analysis to values
higher than 0.92 rad/um (which delimits the 5% highest values in
the control group). Some studies made quantitative analysis of the
conditions that led to MT breaking [29] and showed an overall
average curvature value of 0.39 rad/um whereas MTs that
eventually broke had a much higher average curvature of
1.5 rad/um. Various processes contribute to bringing an MT
into the curvature range that might lead to rupture, all of
them affecting the molecular structure of the MT and
reducing the tubule Young modulus. The modulation of the
MT mechanical properties exerted by the association to
external proteins is a possible mechanism that might account
for the breaking of MTs in cells under compression and the
interaction with kinesins could be the cause of molecular
alterations that reduce the Young modulus [7]. We therefore
restricted our analysis to the highest curvature value range to seek
information about the fibers that might have undergone some
process that degraded their pristine mechanical features.

The MT curvature distribution comparisons are shown in
Figure 6A (control and X-ray irradiated groups) and in
Figure 6B (control and proton irradiated groups). The
Kolmogorov-Smirnov test on the high curvature distribution
values shows a clear difference between control and proton-
irradiated populations (p = 6 x 107°) as well as between
control and X-ray irradiated groups (p = 7 x 107°). The same
statistical test could not differentiate between protons and X-ray
irradiated distributions (p = 0.89). Such high curvature
distributions had a median value of 1.13rad/um for the

control, 1.24 rad/um for the proton-irradiated, and 1.23 rad/ym
for the X-ray irradiated group.

DISCUSSION AND CONCLUSION

It is easy to notice that in the control cells the MTs do not evenly
fill all the cell districts. The MT network seems to be more dense is
some regions and, likewise, the percentage of MT-occupied areas
varies when different cells are compared. Prior to cell fixation, if
the cells were migrating toward a particular coverslip district, the
MTs lattice and its web structure were constantly under
modification and rearrangement. The observed variability is
also due to the fact that we chose different cell morphologies
to create a wider picture of the control cell MT distribution. Our
analysis of the MT area occupancy revealed two findings
correlated to the MTs distribution inside the cells. The first is
connected to the MT density: the control and the proton-
irradiated groups have the same MT area occupancy ratio,
while cells irradiated with X-rays, show lower MT density
values. Nevertheless the ANOVA test did not reveal any
difference between the groups and, if any difference existed, a
larger number of samples would have been needed in order to
improve the statistical power of the test.

The second aspect is linked to the MTs distribution between
control and irradiated groups. The Tukey test for the peripheral
occupancy ratio indicated a significant difference between control
and irradiated groups and no difference between the irradiated
groups. The control indicates that the MT's are more concentrated
into the central part of the cell while the irradiated groups exhibit
a substantially constant density throughout. Proton and X-ray
irradiations might have damaged, either directly or indirectly, the
c¢MTOC pushing the cells toward a reorganization of the cMTOC
sites. Cell cycle progression and cellular differentiation are associated

Frontiers in Physics | www.frontiersin.org

November 2020 | Volume 8 | Article 579081


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Bruni et al.

with a significant loss of centrosomal activities as well as its MTOC
properties. As a consequence the reorganization of microtubules into
non-centrosomal arrays is mandatory for cell life [30, 31]. A change
in MT distributions, in particular in the case of proton-irradiated
samples where the MT density did not change, could be a sign of MT
severing or reorganization.

Concerning the MT curvature results and considering only
curvatures higher than 0.92rad/um, we observe a significant
difference between control and irradiated groups, with a
significantly higher pw curvature median value. Because the
curvature is strictly connected to the external mechanical stress
and to the Young’s modulus, these differences need to be
investigated in detail in order to better understand the reasons
why they occur. Higher compression could be a cause in the case
of proton-irradiated cells, where the MTs density in that region is
higher with respect to the control group. However this does not
explain X-ray data, where the density is lower. Higher curvature could
be a sign of change of the Young’s modulus due to a modification of
the intrinsic MT proprieties or an alteration in the MT surroundings,
for example because of the presence of proteins binding to the MT
molecular structure [32]. At this point, there could be many a
speculation about the biological explanations for these findings
also because many questions are still open [33].

In conclusion, results show that MTs respond in a similar way
in the case of proton and X-ray irradiation, both in terms of MT
peripheral occupancy and in terms of the change of MT
curvature. Nevertheless, a larger number of cells is needed to
create clearer statistical insight into MT total occupancy after
X-ray or proton irradiations. Because of the MT dimensions, that
are comparable with DNA, and given the self-repairing and self-
healing capabilities of MTs, MT's could be a promising biological
target for IRs. Unlike DNA, which is located in the nucleus of the
cell, the MT network is distributed throughout the cell therefore it
can be an indicator of possible damages that may occur alongside
the cell edge as well as in the area near the nucleus.
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