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Abstract

Background: The implementation of proton beam irradiation (PBI) for breast cancer (BC) treatment is rapidly advancing due to its
enhanced target coverage and reduced toxicities to organs at risk. However, the effects of PBI can vary depending on the cell type. This
study aimed to explore the effects of PBI on two BC cell lines, MCF7 and MDA-MB-231. Methods: The relative biological effectiveness
(RBE) of PBI was assessed using a clonogenic assay. DNA double-strand break (DSB) repair, epithelial-mesenchymal transition (EMT),
and filamentous actin (F-actin) were evaluated using immunofluorescence analysis. The extent of entosis and the senescence-associated
[B-galactosidase (SA-(-gal) activity were estimated by cytochemistry analysis. The influence of the extracellular matrix was evaluated
by cultivating cells in both adherent two-dimensional (2D) environments and within 3D fibrin gels of varying stiffness. The metastatic
propensity of cells was investigated using migration tests and the cell encapsulation of carboxylate-modified fluorescent nanoparticles.
The comparative tumorigenic potential of cells was investigated using an in vivo model of the chick embryo chorioallantoic membrane
(CAM). Results: PBI demonstrated superior efficacy in eliminating MCF7 and MDA-MB-231 cells with RBE 1.7 and 1.75, respectively.
Following PBI, MDA-MB-231 cells exhibited significantly lower clonogenic survival compared to MCF7, which was accompanied by the
accumulation of phosphorylated histone H2AX (yH2AX), p53-binding protein 1 (53BP1) and Rad51 foci of DNA DSBs repair proteins.
After surviving 7 days post-PBI, MCF7 cells exhibited 2.5-fold higher levels of the senescence phenotype and entosis compared to the
MDA-MB-231 offspring. Both PBI-survived cell lines had greater capability for 2D collective migration, but their metastatic potential
was significantly reduced. A significant influence of extracellular matrix stiffness on the correlation between F-actin expression in PBI-
survived cells—an indicator of cell stiffness—and their ability to uptake nanoparticles, a trait associated with metastatic potential, was
observed. PBI-survived MDA-MB-231RP subline exhibited a hybrid EMT phenotype and a 70% reduction in tumor growth in the in
vivo model of the chick embryo CAM. In contrast, PBI-survived MCF7RP cells exhibit mesenchymal-to-epithelial transition (MET)-
like features, and their in vivo tumor growth increased by 66% compared to parental cells. Conclusions: PBI triggers various cellular
responses in different BC cell lines, influencing tumor growth through mechanisms like DNA damage repair, stress-induced premature
senescence (SIPS), and alterations in the stiffness of tumor cell membranes. Our insights into entosis and the effect of extracellular matrix
stiffness on metastatic propensity (nanoparticle uptake) enhance the understanding of the role of PBI in BC cells, emphasizing the need
for more research to optimize its therapeutic application.
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1. Introduction

Breast cancer is the most common cancer type among
women worldwide and is the second leading cause of
cancer-related deaths in this demographic globally [1]. Ra-
diation therapy (RT) remains a cornerstone in the treatment
of early [2] and metastatic [3] breast cancer (BC) as rec-
ommended by the European Society for Medical Oncol-
ogy (ESMO) guideline committee. RT types are classified
according to radiation quality measured by linear energy
transfer (LET), which calculates energy deposited per unit
length of a particle’s path. Low-LET-based radiation (in-
cluding X-rays, gamma radiation, and electrons) deposits
lower amounts of energy per unit length and thus induces
sparse and mostly single-strand DNA breaks (SSBs). Its
usage in BC treatment can lead to cardiotoxicity, which is a
significant side effect. The introduction of hadron therapy
(high-LET), such as accelerated proton beams, offers sig-
nificant advantages over conventional low-LET-based RT
[4]. High-LET protons deposit higher concentrations of
energy in a shorter distance when traversing tissue and in-
duce highly localized clusters of DNA double-strand breaks
(DSBs) [5]. Due to unique physical properties, proton
beams enhance target coverage and enable the precise de-
livery of radiation doses. This improves cancer cell-killing
efficacy while safeguarding healthy tissues and minimiz-
ing damage to organs at risk, such as the heart, lungs, and
skin. Nevertheless, proton therapy (PT) presents certain
challenges, notably its higher costs and limited accessibil-
ity compared to established photon irradiation techniques.
Systematic reviews of clinical trials evaluating PT for BC
indicate that it may not significantly improve overall treat-
ment outcomes compared to photon therapy. However,
these studies consistently report a substantial reduction in
treatment-related toxicities, with radiation dermatitis being
the most notable improvement [6,7]. Therefore, in clini-
cal practice, it is crucial for radiation oncologists to metic-
ulously evaluate patients before recommending PT to en-
sure that the dosimetric advantages translate into meaning-
ful clinical outcomes [8].

Based on the expression of hormone receptors, i.e., the
estrogen receptor (ER), progesterone receptor (PR), and hu-
man epidermal growth factor-2 (HER-2) receptors in the
tumor, BC is classified into five subtypes: luminal types
A and B, luminal B/Her-2+, triple negative/basal, and Her-
2+ [9]. The triple-negative breast cancer (TNBC) subtype,
characterized by negative ER, PR, and HER2 receptor sta-
tus, poses a significant clinical challenge for oncologists
due to its aggressive nature and the lack of effective ther-
apies. Several authors have reported controversies with
respect to the use of conventional RT for patients diag-
nosed with TNBC [10]. Since PT is an effective treatment
for cancers located in hard-to-reach areas and those resis-
tant to conventional radiotherapy;, it is crucial to investigate
whether PT can be a viable therapeutic option for TNBC.

In clinical practice, one of the most critical challenges
is selecting individuals undergoing treatment with high- or
low-LET radiation, based on the tumor’s radiobiological
properties which determine its radiosensitivity [11]. An-
alyzing differential gene expression profiles in primary and
BC cell lines suggests that key factors influencing radiosen-
sitivity include the activation of DNA repair pathways, the
presence of cancer stem-like cells [5,12,13], hypoxia, and
the complexity of the tumor microenvironment. To address
this challenge effectively, it is essential to identify the pre-
cise molecular and phenotypic characteristics of tumor cells
in response to RT. This deeper understanding will serve as
the foundation for designing highly effective clinical treat-
ment strategies. In the era of targeted therapies, recogniz-
ing biomarkers that define cancer cell responses is crucial
for making informed therapeutic decisions. Transcriptional
alterations specific to radiation types have been sporadi-
cally examined [14—17]. However, to our knowledge, there
has been no systematic effort to characterize the molecu-
lar (at the protein level) and biological effects of high-LET
radiation and radiation doses in BC cells with varying sus-
ceptibility to conventional low-LET RT. Establishing this
knowledge base would be instrumental in differentiating the
adverse side effects of high-LET RT from its beneficial cy-
totoxic and immunogenic properties.

In general, high LET radiation has a higher relative bi-
ological effectiveness (RBE). Recent study suggests a lin-
ear correlation between the doses of X-rays and protons re-
quired to achieve a specific fraction of surviving cells [18].
However, this relationship needs to be tested in specific BC
cell lines. RBE varies depending on cell line-specific bio-
logical factors, such as their ability to repair DNA damage
[19]. High-LET radiation typically induces a greater num-
ber of DSBs per dose unit and generates more complex,
clustered lesions compared to low-LET radiation types [5].
This is due to its ability to deposit large amounts of en-
ergy over a short distance. Different forms of DNA dam-
age activate distinct components of the DNA damage re-
sponse (DDR) system, which plays a crucial role in re-
pair. Several key DDR proteins are involved in this pro-
cess and are commonly used to assess DNA damage. One
of the most critical proteins modified near DNA damage
sites is phosphorylated histone H2AX (yvH2AX), which re-
cruits repair proteins to the damaged site and initiates the
repair process. YH2AX serves as a marker for DSBs, ir-
respective of the specific repair pathway employed by the
cell. The DDR primarily operates through two major path-
ways: homologous recombination (HR) and classical non-
homologous end joining (c-NHEJ). HR is a high-fidelity,
template-dependent repair mechanism capable of handling
complex DNA damage, including DNA gaps, DSBs, and
interstrand crosslinks [20]. In contrast, NHEJ is an error-
prone repair pathway in which DNA ends directly ligated by
protein complexes [21]. Among the key proteins recruited
to DNA damage sites is p53-binding protein 1 (53BP1), a
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member of the Tudor-domain protein family [22]. In the
G1 phase of the cell cycle, 53BP1 counteracts the function
of breast cancer type 1 susceptibility protein (BRCA1)—
an essential HR factor—by interacting with replication tim-
ing regulatory factor 1 (Rifl), thereby preventing 5’ end re-
section and promoting c-NHEJ [23,24]. During the S/G2
phases, BRCA1 and its partner CtIP inhibit Rifl accumu-
lation at DSB sites, thereby preventing 53BP1 interactions
and favoring 5’-end resection, which directs repair toward
HR or alternative end-joining (Alt-EJ) pathway [25]. Re-
cent studies suggest that 53BP1 also regulates 5'-end resec-
tion, DSB mobility, and DSB integrity, preventing ectopic
DSB recombination [26,27]. Additionally, Rad51 is another
key DSB-recruited protein that plays a crucial role in the
HR-mediated repair pathway [28].

Cancer cell migration is essential for invasion and
metastasis, as it involves changes in cell shape and rigidity
to navigate through tight tissue spaces [29]. During this pro-
cess, cells often acquire increased invasiveness and resis-
tance to anoikis, a form of programmed cell death [30]. Re-
search on resistance mechanisms has not clearly explained
how migration in confined spaces relates to the develop-
ment of therapeutic resistance.

Research shows that irradiation can change tumor ag-
gression by either reducing or increasing the invasiveness
of surviving cancer cells, which depends on the cell line
and type of radiation [31]. However, the effects of proton
irradiation on the characteristics of tumor cells that survive
and migrate through porous tumor tissue have not been fully
studied. Understanding these changes is essential for devel-
oping effective treatments that target the migratory and in-
vasive capabilities of cancer cells. Proton irradiation may
inhibit cellular migration, as studies show it reduces cell
motility in melanoma cells and alters the expression of mi-
gration and adhesion proteins [32,33]. However, the im-
pact of proton irradiation on cancer cell migration and resis-
tance, especially in TNBC, needs more research to uncover
its therapeutic potential.

In this study, we aimed to assess the differential bio-
logical effects of high- and low-LET radiation doses on the
clonogenic survival rates of MCF7 and MDA-MB-231 cell
lines, widely used in vitro models representing ER-positive
and TNBC/Claudin-low breast tumors, respectively. These
models exhibit distinct metastatic phenotypes and vary-
ing degrees of susceptibility to conventional low-LET RT
[34]. As a key component of the BC cell survival re-
sponse, the molecular reaction to DNA DSBs was eval-
uated through quantitative high-content immunofluores-
cence analysis of radiation-induced foci (RIF) of yYH2AX,
53BP1, and Rad51 proteins following 2 Gy of proton beam
irradiation (PBI). Additionally, we conducted an in-depth
analysis of MCF7 and MDA-MB-231 populations, that sur-
vived a single lethal dose (6 Gy) of PBI. These surviving
sublines, designated as MCF7RP and MDA-MB-231RP,
were further investigated to characterize their molecular
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and phenotypic traits, particularly those associated with
growth and metastatic potential, in both in vitro and in vivo
settings.

2. Materials and Methods
2.1 Cell Lines and Culture Conditions

BC cell lines, MDA-MB-231 and MCF7 were sourced
from ATCC (Manassas, VA, USA). MDA-MB-231 cells
are characterized by their triple-negative status (ER-/PR-
/HER2-) and TP53 deficiency, while MCF7 cells are es-
trogen receptor-positive (ER+) and progesterone receptor-
positive (PR+), with intact TP53 function. Both cell lines
were cultured in DMEM medium (PanEko, Moscow, Rus-
sia) containing 4.5 g/L glucose and 1% L-glutamine, sup-
plemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, 100 U/mL streptomycin, and sodium pyruvate
(PanEko, Moscow, Russia). The cells were maintained at
37 °C in a humidified atmosphere with 5% CO,. Cell line
authenticity was verified through STR profiling, and they
tested negative for mycoplasma contamination using the
MycoReport Mycoplasma Detection Kit (Cat. # MRO0O1,
Evrogene, Russia).

2.2 Proton Beam Irradiation

Cells were irradiated at the Russian Proton Acceler-
ator “Prometheus” of A. Tsyb Medical Radiological Re-
search Centre (MRRC, Obninsk, Russia). Irradiation was
carried out at the middle spread-out Bragg peak (SOBP, 15
mm width), with doses of 2, 4, and 6 Gy, with 70 x 83
mm? field size (energy range 94.40-105.30 MeV, LET 5.2
kEv/um). Cell culture flasks were positioned upright and
irradiated by directing the collimated beam at the flask sur-
face. To ensure uniform exposure, the flasks were covered
by delivering multiple shots that collectively encompassed
the entire surface area. Flasks were placed on a piece of
special plastic equipment at a reference depth in the center
of the field with the help of laser centralizers. To ensure
accurate radiation delivery, depth dose profiles were deter-
mined, and dosimetric calibrations were conducted using
a water phantom PTW MP3-P Water tank using a plane-
parallel ionization chamber Advanced Markus Chamber
Type 34045 (SE 002617) (PTW, Freiburg im Breisgau, Ger-
many). The dosimetric system was calibrated under ref-
erence conditions [35]. For ~v-irradiation, the Rokus-AM
facility (Rawenstvo, Russia) was used (Co® source, dose-
rate 0.613 Gy/min™').

2.3 Clonogenic Assay

Cells were seeded in T25 tissue culture flasks 24 h
prior to irradiation at 3-5 x 10° cells per flask. After irradi-
ation, cells were seeded on 6-well plates at opportune den-
sities (100, 500, 1000, and 2000 cells/well for doses of 0, 2,
4, and 6 Gy, respectively) according to the dose delivered
to assay. Untreated cells served as a control to assess the
plating efficiency (PE). Cells were cultured under standard
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conditions for 14 days, forming colonies. They were then
fixed with methanol and stained with Giemsa. Colonies
containing more than 50 cells were manually counted us-
ing a Zeiss Axiovert microscope with phase-contrast capa-
bilities (Carl Zeiss, Gottingen, Germany). Dose-response
data were generated from the mean of three independent ex-
periments. Each biological repeat contained at least three
replicates.

PE and survival fraction (SF) were subsequently cal-
culated using the formula:

number of colonies

PE = x 100% (1)

number of cells seeded in a well

number of colonies formed after irradiation
SF = (2)
( number of cells seeded x PE)

2.4 Calculation of Relative Biological Effectiveness

RBE is defined as the ratio of the absorbed dose of
the reference radiation (gamma-irradiation, Co%?, Dref) to
the absorbed dose of the test radiation (proton Beam, D)
required to achieve the same biological effect (Eqn. 3).

Dref

RBE = o)

3)

The biological endpoint is assessed through in vitro
clonogenic survival, which is typically modeled using the
linear quadratic model (LQM).

S =exp (—aD — BD?) 4)

where the surviving fraction S as a function of the absorbed
dose D, a and 3 are exposure- and cell-specific fitting pa-
rameters.

Thus, the RBE was evaluated as a function of the sur-
viving fraction S (RBES) using Eqn. 5:

a+ /a2 —4p8In(S)

RBES =
aref +\/a?ref — 4Brefin(S)

)

where «, 3, aref, and Sref are the linear and quadratic terms
of the LQM for the radiation under investigation and the
reference photon exposure, respectively.

2.5 Immunofluorescent Analysis for YH2AX, 53BP1, and
Rad51 Foci

Prior to irradiation, cells were seeded at a density of
0.1 x 107 cells/0.32 cm? in 96-well plates. Cells were ex-
posed to 2 Gy PBI (10 mm modified Bragg peak, 90 x 130
mm? field size, energy range 96.00-103.15 MeV).

Following incubation for 1, 12, 24, and 48 hours, cells
were fixed in 4% paraformaldehyde in PBS (pH 7.4) for
20 minutes at room temperature. After two PBS rinses,
cells were permeabilized with 0.3% Triton-X100 (PanEko,
Moscow, Russia) in PBS supplemented with 2% BSA to
prevent nonspecific antibody binding. Cells were then in-
cubated with primary antibodies against YH2AX (dilution
1:200, clone JBW301, MerckMillipore, Burlington, VT,
USA), Rad51 (1:200 dilution, Cat. # ABE257, Merck Mil-
lipore, Burlington, VT, USA), and 53BP1 (1:200 dilution,
Cat. # MAB3802, Merck-Millipore, Burlington, VT, USA)
for 1 hour at room temperature. The primary antibodies
were diluted in PBS with 1% BSA. Following three PBS
washes, cells were incubated with secondary antibodies
conjugated to Alexa Fluor 488 (1:800 dilution; Cat. #A-
21424, Merck-Millipore, Burlington, VT, USA) and Cy3
(1:500 dilution; Cat. #AP124C, Merck Millipore, Burling-
ton, VT, USA) for 1 hour. Nuclei were stained with Hoechst
33342 (Thermo Fisher Scientific, Waltham, MA, USA). Im-
ages were captured using a JuLI Stage automatic cell an-
alyzer (NanoEntek, Seoul, Korea) with a 40x objective.
Foci were manually counted, and data were derived from
the mean of three independent experiments, each containing
two replicates, with at least 100 cells analyzed per sample.

2.6 Analysis of Senescence-Associated
B-Galactosidase-Positive Cells

The proportion of cells expressing senescence-
associated (3-galactosidase (SA-Sgal) was determined us-
ing a commercial Cellular Senescence Assay kit (EMD Mil-
lipore, Burlington, VT , USA, Cat. # KAA002). Cells
were stained according to the manufacturer’s instructions,
and nuclei were counterstained with Hoechst 33342. Visu-
alization was performed using the EVOS FL Auto Imaging
System (Fisher Scientific, Pittsburgh, PA, USA) with a 20 x
objective lens. The percentage of SA-Sgal-positive cells,
along with entotic cells, was manually calculated from three
independent experiments, each containing three replicates,
with at least 200 cells analyzed per sample. Statistical
analysis was conducted using the Kruskal-Wallis test via
GraphPad Prism software 9.0.2.161 (GraphPad Software,
San Diego, CA, USA).

2.7 Growing 3D Spheroids in Fibrin Gel

Cells were seeded in 3D fibrin gel using the protocol
described previously [36]. Fibrin gels were fabricated using
human fibrinogen and thrombin (NPO RENAM, Moscow,
Russia). The fibrinogen powder was dissolved in sterile
0.9% saline solution at 37 °C to get 20 mg/mL concentra-
tion, aliquoted and stored at —80 °C. Thrombin stock (0.1
U/uL) was prepared by dissolving 1000 U thrombin pow-
der in 10 mL T7 buffer (50 mM Tris, 150 mM NaCl, pH
7.4) and stored at —80 °C in 150 pL aliquots. Gel of 90 and
1050 stiffness was prepared according to Table 1.
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Table 1. Fibrin gel stiffness is controlled by varying amounts of fibrinogen.

Gel stiffness (Pa)  Fibrinogen (uL)  T7 buffer (uL)  Cells mixture/culture medium (uL)  Thrombin (uL)  Total (uL)
90 12.5 112.5 125 5 255
1050 100 25 125 5 255

For live 3D colony growth monitoring, 5000 MCF7
cells and 8000 MDA-MB-231 cells were seeded into 3D
fibrin gels per well in a 24-well plate. Two wells were
made for each condition and at least 20 images of colonies
were captured in each well every two days on an EVOS
M5000 fluorescent microscope (Thermo Fisher Scientific,
Waltham, MA, USA) in a transmitted light channel with a
20x objective. The colony sizes were quantitatively es-
timated from digital images using the ImageJ software 1J
1.46r (Laboratory for Optical and Computational Instru-
mentation, University of Wisconsin, Madison, WI, USA).

2.8 Immunofluorescence Analysis of
Epithelial-Mesenchymal Transition (EMT) Markers and
F-Actin

Cells were seeded in 384-well plates at a concentration
of 2.5 x 102 cells/well. On the next day, cells were fixed
with 4% paraformaldehyde for 15 min and rinsed three
times with 1x PBS (pH 7.4). After blocking and perme-
abilization with 2% BSA and 0.3% Triton in 1x PBS (pH
7.4) for 45 min at room temperature, cells were incubated
with primary antibodies against E-Cadherin (1:400 dilution,
Cat. # ab40772, Abcam, Cambridge, UK), N-Cadherin
(1:400 dilution, Cat. # ab76011, Abcam, Cambridge, UK),
Vimentin (1:500 dilution, Cat. # ab92547, Abcam, Cam-
bridge, UK), and SNAIL (1:500 dilution, Cat. # ab85936,
Abcam, Cambridge, UK) diluted in 1x PBS with 2% BSA
and 0.3% Triton X100, overnight at +4 °C. Goat anti-rabbit
IgG Alexa Fluor 488 (1:1000 dilution, Cat. # ab150077,
Abcam, Cambridge, UK) was used as a secondary antibody
(2 pg/mL) for 3 hours at room temperature. Nuclei were
counterstained with Hoechst 33342 (6 pg/mL, Thermo Sci-
entific, Rockford, IL, USA).

To prepare the cells for analysis of filamentous actin
(F-actin), they were fixed using a solution containing 4%
paraformaldehyde diluted in 1x PBS for a period of 15
minutes. Following this fixation step, the cells were per-
meabilized with 0.2% Triton X-100, allowing for a con-
sistent permeabilization process that lasted for 20 minutes.
The cells were subsequently blocked using a 2% solution of
BSA in 1x PBS (PBS-2%BSA) for one hour at room tem-
perature. Following this, F-actin staining was performed
using the Phalloidin-iFluor 488 Reagent (Abcam, Cat. #
ab176753, Cambridge, UK) in PBS, adhering to the man-
ufacturer’s protocol. Cells were imaged using the EVOS
M5000 fluorescent microscope with a 20x objective. The
results were obtained from three independent experiments
with three replicates.
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2.9 “Scratch” (Wound Healing) Test

Non-irradiated and irradiation-survived MCF7 and
MDA-MB-231 cells were seeded at a density of 5 x 10°
cells per well in a 6-well plate. The cells were cultured in
a humidified atmosphere with 5% CO; at 37 °C to form a
confluent monolayer. After 24 hours in depleted medium
(1% FBS), the cell monolayer was wounded using a sterile
micropipette tip, creating a straight line scratch. The mono-
layer was then washed with PBS to remove cellular debris.
The initial and final wound areas were imaged at 0 and 24
hours post-wounding using an EVOS M5000 microscope
with a 10x objective. Wound healing was quantified as a
percentage using the Eqn. 6:

Wound healing, % = ((WAO h) — (WAA h))
/(WAO h) x 100%

where WAO h is the initial wound area, measured immedi-
ately after creating the wound, and WAA h is the area after
24 hours. The percentage of wound healing was calculated
as the mean with standard error of the mean (SEM) from
two independent experiments, each with three replicates.
Statistical analysis was performed using the Kruskal-Wallis
test via GraphPad Prism software to compare the healing
rates of parental and irradiated cells.

2.10 Nano-Bead Endocytosis Test

The test was performed according to our previously
published protocol [37]. Briefly, carboxylate-modified flu-
orescent 200 nm in diameter particles (excitation/emission
505/515 nm) (Invitrogen life technologies, Carlsbad, CA,
USA) were used to evaluate the adhesion and encapsulation
efficiency of the cells. Cells were seeded in 96-well plates
(Corning Incorporated, Corning, NY, USA) at a concentra-
tion of 5000 cells per well. Nanoparticles (NPs) were added
to the cells to achieve the final concentration of approxi-
mately 2000 particles per cell. Nuclei were stained with
Hoechst 33342. Cells were incubated for 1 hour at 37 °C,
then washed with PBS and treated with trypsin to remove
non-internalized particles. Cell viability was confirmed us-
ing a live/dead nuclei fluorescent stain. Negative controls,
consisting of cells without nanoparticles, were also evalu-
ated under the same conditions. Data were obtained from 3
independent experiments, each sample contained at least 3
replicates.
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2.11 Trans-Well Migration Assay Using Boyden Chambers

For the analysis of cell migration through physically
confined environments cells were serum-starved overnight
and then seeded in the upper compartment of Transwell in-
serts (Cat.# 3428 , EDM Milli-pore, Billerica, MA, USA)
containing 0.1 mL of serum-free medium specific to the
cell type. The inserts had 8 pm pores and were placed
in wells with serum-supplemented growth medium in the
lower chamber, which served as a chemoattractant. Cells
were incubated for 72 hours at 37 °C and 5% CO,. Fol-
lowing incubation, cells from both compartments were col-
lected by trypsinization and counted using a hemocytometer
after neutralization with a serum-containing medium. For
each cell type, the experiment was repeated 6 to 9 times,
with three replicates per experiment, to determine the per-
centage of cancer cells that migrated through the mem-
brane.

2.12 Scanning lon-Conductance Microscopy
Measurements of Cell Stiffness

Scanning ion-conductance microscopy (SICM) was
employed to evaluate the mechanical stiffness of cell mem-
branes. This advanced technique utilizes a nanoscale glass
capillary filled with an electrolyte solution, which performs
hopping movements to effectively map the topographical
and mechanical properties of biological samples adhered to
a substrate also immersed in the same solution.

The measurement of ion current occurs through the
capillary tip, which is positioned between two AgCl elec-
trodes that are submerged in the electrolyte solution, both
inside and outside the capillary probe. This configuration
allows for precise control over the interaction between the
probe and the sample surface. For topographical mapping,
a setpoint for an ion current decrease of 0.4% was uti-
lized, while 1% and 2% were applied to assess stiffness.
The Young’s modulus was subsequently calculated using
the methodology established by Rheinlaender and Schaffer
[38].

The SICM measurements were conducted using an in-
strument from ICAPPIC Ltd. (Moscow, Russia), which
was equipped with a 1.2 mm borosilicate glass capillary that
had been shaped using a P-2000 laser puller (Sutter Instru-
ment, Novato, CA, USA). The inner diameter of the capil-
lary tip was approximately 50 nm, as determined by mea-
suring the ion current in a buffer solution.

For these SICM assessments, cells were seeded at a
density of 100,000 cells per 35 mm Petri dish and incubated
overnight at 37 °C in a CO4 incubator. Prior to conducting
measurements, the culture medium was replaced with an
HBSS buffer solution that served as the electrolyte.

2.13 CAM (In Vivo) Assay

Fertilized specific pathogen-free (SPF) eggs were pur-
chased from a local SPF hatchery. The surface of the eggs
was cleaned with paper towels and sterile water, and then

placed horizontally in an incubator set to 37 °C and 70%
relative humidity, with the automatic rotation function acti-
vated. This day was designated as embryonic day 0 (EMD
0). On embryonic day 3 (EMD 3), the eggs were removed,
and the air sacs and major blood vessels were identified
and marked using an egg candler. Approximately 3 mL
of egg white was then withdrawn, and upon observing the
chorioallantoic membrane (CAM) drop, a 2 cm diameter
circle was drawn at the drop location. The eggshell was
cut along the marked edges using a mini chainsaw, and the
window was sealed with 3M semipermeable film before the
eggs were returned to the incubator, with the automatic ro-
tation function turned off. On EMD 9, tumor cells were
seeded. The eggs were removed, the semipermeable mem-
brane was peeled off, and an O-ring (polytetrafluoroethy-
lene (PTFE) O-ring, with an inner diameter of 6 mm and
an outer diameter of 9 mm) was placed over the window
near the densely vascularized area of the CAM. Twenty-
five uL of a serum-free cell suspension containing 5 x 108
cells was injected into the ring, after which the window
was resealed with the semipermeable membrane, and the
eggs were returned to the incubator. Eggs were collected on
EMD 16, and tumors were imaged using a Leica M60 mi-
croscope (Leica Microsystems, Singapore, Republic of Sin-
gapore). To evaluate tumor growth characteristics, image
analysis was performed using the Imagel software. To ac-
count for potential variations in camera height during imag-
ing, which could introduce discrepancies in absolute area
measurements, the inner ring region with known size was
used as a reference. This approach minimizes size devia-
tions, enhancing the accuracy and comparability of the data.
Additionally, the mean grayscale value of the target region
was measured, where grayscale intensity in digital images,
which reflects the optical density or thickness, serves as an
approximate indicator of tumor tissue density or thickness
in this study. The tumor size was estimated by calculating
the ratio of the tumor area to the outer ring area, which was
then multiplied by the normalized grayscale value, repre-
sented on the graph in arbitrary units (a.u.). Data were ob-
tained from 3 individual tumors per sample.

The CAM xenograft experiments in this study were
conducted in strict compliance with the guidelines and reg-
ulations of the Institutional Animal Care and Use Commit-
tee (IACUC). Chicken embryos are not classified as living
animals until 17 days of incubation [39,40], and our exper-
iments with CAM were completed by embryonic day 16
(E16), which were exempt from IACUC regulation. Ad-
ditionally, in adherence to the Russian Animal Experiment
and Welfare Guidelines, ethical approval was not required.
Daily assessments were carried out to ensure embryonic vi-
ability.

2.14 Statistical Analysis

Statistical analysis was performed using Student’s ¢-
test, the Mann—Whitney U-test, and two-way ANOVA with
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Fig. 1. Cell survival clonogenic assay was performed to evaluate the RBE of proton beam irradiation. Representative pictures of
colonies grown after each irradiation dose of gamma and proton beam irradiation of MCF7 and MDA-MB-231 (a) cells. Survival curves
of MCF7 and MDA-MB-231 (b) cell lines after proton and gamma (Co® source) irradiation at doses of 2, 4, and 6 Gy were calculated.
Data are means =+ SD of three independent experiments. Statistical significance between groups indicated on the graphs was calculated
with Student’s #-test. Scale bar 5000 um. RBE, relative biological effectiveness.

Tukey’s post-hoc test for multiple comparisons, all facili-
tated by GraphPad Prism 8 software. Results are presented
as means £ standard deviation (SD) from three indepen-
dent experiments unless otherwise specified. Significance
levels were indicated by asterisks: * for p < 0.05, ** for p
< 0.01, *** for p < 0.001, and **** for p < 0.0001.

3. Results

3.1 Assessment of RBE After Proton Beam Irradiation of
Breast Cancer Cell Lines

In this study, we first investigated the RBE of PBI for
two BC cell lines, MCF7 and MDA-MB-231 (Fig. 1a), us-
ing clonogenic assay. Our goal was to examine the unique
interplay between biological factors influencing physical
parameters controlling the LET effect and innate radiosen-
sitivity in determining a cell’s reaction to protons.

RBE is a fundamental concept in radiation biology that
quantifies the effectiveness of different types of ionizing
radiation in inducing biological effects, typically in com-
parison to standard reference radiation, such as X-rays or
gamma rays [41]. Using gamma irradiation from the Co%°
source as a reference, RBE was calculated based on the lin-
ear quadratic model (LQM), the most widely used model
for predicting cell survival in radiation therapy. Following
PBI, the radiosensitivity of MCF7 cells, as indicated by sur-
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vival fraction, significantly decreased compared to gamma
irradiation (p < 0.05 for 2, 4, and 6 Gy) (Fig. 1b). In MDA-
MB-231 cells, proton irradiation resulted in an even more
pronounced reduction in radiosensitivity. However, statis-
tical significance was only reached at 6 Gy compared to
gamma irradiation (p < 0.05) (Fig. 1b). The RBE of PBI at
10% cell survival fraction (i.e., SF = 0.1) was found to be
1.7 for MCF7 cells and 1.75 for MDA-MB-231 cells, con-
firming the superior efficacy of PBI in eliminating cancer
cells compared to gamma irradiation. Notably, MDA-MB-
231 cells exhibited the lowest clonogenic survival rates fol-
lowing high-LET irradiation, indicating a heightened sen-
sitivity to protons compared to MCF7 cells.

After a continuous cultivation period of 3 to 4 weeks
in T-25 tissue culture flasks, we observed that a distinct
subset of cells that survived high-LET radiation from each
parental cell line successfully generated viable progeny.
These progeny were designated as the MDA-MB-231RP
and MCF7RP sublines for further investigation (see follow-
up Sections 3.4-3.8). All subsequent experiments involv-
ing irradiation-survived progeny were conducted within 10
passages.
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Fig. 2. Immunofluorescence images and quantitative immunofluorescence data illustrating the kinetics of DNA DSBs repair

proteins. Quantitative immunofluorescence analysis was performed to calculate the kinetics of RIF numbers of key DDR proteins,
namely YH2AX (a), 53BP1 (c), and Rad51 (e). Kinetics of changes in the number of YH2AX (b), 53BP1 (d), and Rad51 (f) foci in the
cell’s nucleus after 2 Gy of proton beam irradiation. Statistical significance calculated by Student’s ¢-test. * p < 0.05, ** p < 0.01, ***
p <0.001, **** p < (0.0001. Data are means = SEM of three independent experiments. Scale bar 10 um. RIF, radiation-induced foci;
DDR, DNA damage response; YH2AX, phosphorylated histone H2AX; 53BP1, p53-binding protein 1; SEM, standard error of the mean.
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3.2 Molecular Response to Altered DNA Sequences After
Proton Beam Irradiation of MCF7 and MDA-MB-231 Cell
Lines

After radiation exposure, DNA damage response
(DDR) proteins are rapidly recruited and/or modified at
DSB sites leading to their accumulation at the damage site.
This results in the formation of nuclear foci, known as
radiation-induced foci (RIF), which are detectable under
fluorescent microscopy. RIF quantification serves as an
indirect method for assessing DNA damage and repair by
monitoring the molecular response to DNA alterations, ulti-
mately reflecting the resolution of RIF. Typically, RIF mea-
surements are performed on fixed samples at defined time
points following ionizing radiation (IR) exposure [42].
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Our observed differences in the sensitivity of TNBC
(MDA-MB-231) and ER-positive (MCF7) cell lines to PT
(Fig. 1) raised important questions regarding the DDR pro-
tein signatures associated with cell sensitivity to high- ver-
sus low-LET radiation. We further aimed to explore the
molecular mechanisms underlying the heightened biologi-
cal impact of protons, as well as potential proton-specific
resistance mechanisms. Using quantitative immunofluo-
rescence analysis, we calculated the kinetics of RIF for-
mation for key DDR proteins, YH2AX (Fig. 2a), 53BP1
(Fig. 2¢), and Rad51 (Fig. 2e) in BC cell lines following 2
Gy PBI. At 1 hour post-irradiation, the number of YH2AX
RIF in MCF7 and MDA-MB-231 cells was nearly identical
(Fig. 2b). However, extending the incubation period to 12
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Fig. 4. Collective (wound healing assay) and confined (through 8 pm pores of Boyden chamber membranes) migration of parental

(P) and proton irradiation-survived (RP) MCF7 and MDA-MB-231 cell lines. Representative images at 24 hours after wound forma-

tion (a). Scale bar 750 um. Bar-graphs of changes in wound healing percentage (b). Representative pictures of Giemsa-stained cells on

the outer surface of the Boyden chamber membranes at 48 hours of confined migration (c). Scale bar 50 um. Bar graphs of the fraction

of cells migrated into the lower Boyden chamber (d). Data are means of three replicates &= SD. Scale bar 50 um. Statistical significance
calculated by Student’s #-test. * p < 0.05; *** p < 0.001; **** p < (0.0001. SD, standard deviation.

hours revealed significant differences between the two cell
lines. MDA-MB-231 cells exhibited approximately twice
as many YH2AX RIF per nucleus compared to MCF7 cells
(p < 0.05). Furthermore, in MCF7 cells, YH2AX RIF num-
bers did not return to baseline even after 48 hours of incu-
bation. Notably, non-irradiated MDA-MB-231 cells dis-
played a higher intrinsic level of spontaneous YH2AX foci
at both 1 hour and 12 hours post-treatment compared to
MCFT7 cells (Fig. 2b).

MCEF7 cells exhibited a significantly higher number of
53BP1 RIF at the initial time point (1 hour) post-irradiation
compared to MDA-MB-231 cells (p < 0.05) (Fig. 2d). In
MCEF7 cells, this key marker of the NHEJ pathway for DNA
DSB repair was resolved within approximately 12 hours, re-
turning to baseline levels. In contrast, MDA-MB-231 cells
displayed a different repair kinetics pattern. At 12 hours
post-irradiation, the number of 53BP1 RIF had decreased
to only 50% of the levels observed at 1 hour. Strikingly, by
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48 hours post-irradiation, the number of 53BP1 RIF in irra-
diated MDA-MB-231 cells increased rather than resolving.
Additionally, in non-irradiated MDA-MB-231 cells, 53BP1
foci remained consistently high throughout the 1-12 hour
period (Fig. 2d).

In irradiated MCF7 cells, the initial peak of Rad51
RIF, a key marker of the homologous recombination (HR)
pathway, reached approximately 5 foci per nucleus (Fig. 2¢)
and gradually declined to baseline levels by 24 hours
(Fig. 2f). Increasing the incubation time to 48 hours re-
sulted in more Rad51 RIF in both irradiated cell lines. In
irradiated MDA-MB-231 cells, the number of Rad51 RIF
remained above control levels at all examined time points
(Fig. 2f). Notably, at 48 hours post-irradiation, Rad51 RIF
levels were significantly higher compared to control levels
(» <0.01).
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Fig. 5. Analysis of EMT marker expression in parental (P) and proton irradiation-survived (RP) MCF7 and MDA-MB-231 cells.

The expression changes of E-cadherin (a), N-cadherin (b), Vimentin (c), and SNAIL (d) were analyzed using high-content immunoflu-

orescent imaging and analysis. Statistical significance calculated by Student’s ¢-test. * p < 0.05. Data are means + SD from three

independent experiments.

3.3 Analysis of High-LET-Induced Premature Senescence
and Entosis

The emergence of IR-induced cell senescence, a form
of stress-induced premature senescence (SIPS) [43], repre-
sents a potential method to assist cancer cells in overcom-
ing RT, and it may exacerbate the biological behavior of tu-
mor cells after IR treatment [44]. Therefore, we sought to
determine whether SIPS also contributes to the differences
in radiosensitivity and DDR network functionality induced
by high-LET radiation between MCF7 and MDA-MB-231
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cells. Specifically, we aimed to investigate whether SIPS is
associated with the inaccurate repair of DNA damage fol-
lowing high-LET irradiation.

To address this, we analyzed the proportion of senes-
cent cells on days 1, 3, and 7 post-irradiation using analy-
sis of the senescence-associated (SA) 3-galactosidase (SA-
[-gal). [-galactosidase is a lysosomal hydrolase, which
accumulates in the cytoplasm of senescent cells giving
green-blue staining at pH = 6 during analysis [45]. In
non-irradiated cells, the fraction of -galactosidase posi-

11


https://www.imrpress.com

MCF7 MDA-MB-231
Day 2 Day4  Day6 Day 2 Day 4 Day 6
[a5] <
a9 0 B}
S
S o 8
8 = =
5 5
s < S| <
A Ay [=¥] Iy
S o
8 8
— —
e e
o] [a]
Ye ElE:
B B
o o
.2 S =
= =
£ £k
v (wn)
H e H =
(a)
MCF7 MDA-MB-231
10000~ - ;—F?OQF’;P 80 e~ P-90Pa
- a
-+ RP-90Pa
o 8000- :|** = P-1050Pa o g, d
T ~+ RP-1050Pa & === P-i0Pa
S 6000- s s —~+ RP-1050Pa
c £ 407
3 4000- 3
< 2000- < 207
0 0 T T T 1
2 3 4 5 6 2 3 4 5 6
Days Days
(b)

Fig. 6. Analysis of tumor spheroid growth in a 3D fibrin matrix. Images (a) and quantification of the area (b) of multicellular tumor
spheroids grown within 90 and 1050 Pa 3D fibrin gels during the culture course of parental (P) and proton irradiation-survived (RP)
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tive (SA-/3-gal+) cells on the first day of analysis was 10%
and 30% in MCF7 and MDA-MB-231 (Fig. 3a) cells, re-
spectively, while not exceeding 2% during the subsequent
7 days of incubation.

PBI caused a significant increase in the proportion of
SA-S-gal+ cells by ~55% and 50% in MCF7 and MDA-
MB-231 cells, respectively (Fig. 3a). On day 3 after irra-
diation, the proportion of the SA-5-gal+ MCF7 cells was
27%, which further increased to 55% on day 7 (Fig. 3a). In
contrary, only 5% of MDA-MB-231 cells were SA-3-gal+
on day 3, increasing to 20% (Fig. 3a) on day 7 after irradi-
ation.

Entosis has recently been proposed as another po-
tential survival mechanism in cancer cells exposed to
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radiation-induced stress [46]. BC has been found to have
a high level of entosis competence, with entotic figures be-
ing observed in both primary tumors and metastatic lesions
[47—49]. Despite this, little is currently known about the ex-
tent and effectiveness of the entosis process in human BC
cell lines following proton irradiation.

Non-irradiated MCF7 cells exhibited a very low frac-
tion (<0.5%) of entotic cells when cultured under adherent
and serum-rich conditions. As expected, entosis was exclu-
sively observed in proton-irradiated MCF7 cells (Fig. 3b),
but was absent in MDA-MB-231 cells under the same con-
ditions. Interestingly, the majority of entotic MCF7 cells
were positive for $-galactosidase, indicating an association
with the SIPS phenotype (Fig. 3b, indicated by arrows). Al-
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Fig. 7. Analysis of nanoparticles association and F-actin expression by parental (P) and proton irradiation-survived (RP) MCF7,
and MDA-MB-231 cells seeded on 2D stiff plastic or a soft fibrin (90 Pa) layer following their pre-cultivation on either 2D stiff

(plastic) or 3D soft fibrin gel, respectively. Representative pictures of cellular nanoparticles (NP) association test and F-actin phalloidin

staining (a). The quantitative comparison of cellular NP uptake efficiency was calculated based on quantitative co-localization (Pearson’s

and overlap coefficients, scatter slope) of fluorescent nanoparticles, and integrated fluorescence intensities (RFUs) of F-actin filaments

(b). Scale bar 75 um. Topography (left) and stiffness (right) mapping images obtained using scanning ion-conductance microscopy

(SICM) on breast cancer cell lines (c). Scale bar 10 pm. Average relative Young’s modulus calculated as a weighted mean for each cell

and then averaged across all measured cells (d). Statistical significance calculated by Student’s z-test. * p < 0.05, ** p < 0.01, *** p <

0.001, **** p < 0.0001, ns, not significant. Data are means of three independent experiments &+ SD. F-actin, filamentous actin.

though the proportion of entotic cells remained low under
adherent and serum-enriched conditions, it significantly in-
creased over time following proton irradiation (Fig. 3c).

Thus, the lower levels of the SA-/3-gal senescence
marker (Fig. 3a), the absence of entosis, and the less effi-
cient DNA DSB repair mechanisms likely contribute to the
heightened sensitivity of MDA-MB-231 cells to high-LET
irradiation compared to MCF7 cells.

3.4 Influence of High-Let Irradiation on 2D Cell
Migration Inside a Monolayer and Confined Migration of
Cancer Cells

The remarkable biophysical properties of metastatic
migrating cells, such as their exceptional motility and de-
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formability, enable them to navigate through physical con-
finements created by neighboring cells or extracellular ma-
trix (ECM) [29,50]. The “scratch” test, also known as the
wound healing assay, is a widely employed in vitro tech-
nique serving as a valuable tool allowing for the real-time
visualization and quantification of 2D cell migration inside
a monolayer cultured in serum-depleted medium (1% FBS)
for 24 hours post-wound formation.

Non-irradiated parental MDA-MB-231 cells exhib-
ited nearly double the migration within a monolayer as
compared to non-irradiated MCF7 cells (Fig. 4a,b). Both
MDA-MB-231RP and MCF7RP cell sublines demonstrated
enhanced wound healing abilities compared to their non-
irradiated parental cell lines (Fig. 4b).
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Fig. 8. The chick embryo chorioallantoic membrane (CAM) model was employed to assess the tumorigenic potential of BC cells.

Representative images depict tumors that developed by embryonic day 16 in an in vivo CAM tumorigenicity assay, comparing parental

(P) MDA-MB-231 and MCF7 cells with their proton irradiation-survived counterparts (RPs). Black arrows indicate tumor formation

sites. Scale bar 2000 pm. The right panel illustrates the comparative tumor sizes between the P and RP groups. Statistical significance

calculated by the Mann—Witney U-test. Values represent data from individual tumors with the mean + SEM (n = 3 per sample).

Using the classical transwell or Boyden Chamber as-
say, we evaluated a fraction of cancer cells that were con-
fined in a physically restricted microenvironment. These
cells were allowed to migrate through a membrane with 8
um pores, which are significantly smaller than their size
(19-21 pm), while following a gradient of serum con-
centration formed between the upper and lower chambers
(Fig. 4c). In concordance with the 2D monolayer motil-
ity data, the non-irradiated MCF7 cells possess a signif-
icantly lower fraction of confined-migrating cells com-
pared to MDA-MB-231 cells (Fig. 4d). In contrast to the
2D monolayer motility data, the MDA-MB-231RP sub-
line, which survived high-LET exposure, exhibited a most
prominent (14-fold) decrease in the number of confined-
migrating cells compared to the MCF7RP (10-fold) subline
(Fig. 4d).

3.5 Acquisition of EMT Traits by High-LET
Irradiation-Survived Cell Sublines

EMT is a crucial biological process involved in var-
ious physiological and pathological conditions including
cancer metastasis and invasion. EMT is characterized by
the transition of epithelial cells into a mesenchymal pheno-
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type, leading to changes in cellular morphology, gene ex-
pression, and functional properties. During classical EMT,
epithelial markers such as E-cadherin are downregulated,
while mesenchymal markers, including N-cadherin, Vi-
mentin, and SNAIL are upregulated [51].

Unexpectedly, high-LET exposure led to an increase
in E-cadherin expression in MCF7RP cells, while no signif-
icant effect was observed in MDA-MB-231RP cells com-
pared to their respective non-irradiated parental controls
(Fig. 5a, Supplementary Fig. 1a). Additionally, we ob-
served a significant decrease in N-cadherin expression in
MCF7RP cells (p < 0.05), whereas its expression was sig-
nificantly increased in MDA-MB-231RP cells compared to
parental cells (Fig. 5b, Supplementary Fig. 1b). Vimentin
expression was undetectable in both parental and MCF7RP
cells, while its high expression remained unchanged be-
tween parental and MDA-MB-231RP cells (Fig. 5c, Sup-
plementary Fig. 1¢). SNAIL, a key transcriptional repres-
sor of E-cadherin expression [52], showed an unexpected
increase in expression in both MCF7RP and MDA-MB-
231RP cells, although the change did not reach statistical
significance (Fig. 5d, Supplementary Fig. 1d).
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3.6 Fibrin Gel Stiffness Reveals Mechanobiological
Difference Between Proton Irradiation-Survived Cancer
Cells

Soft 3D fibrin gels can select highly tumorigenic cells
and support their growth without differentiation. Only soft
tumor cells, not stiff ones, can form spheroid colonies [53].
In this study, untreated parental MCF7 and MDA-MB-231
cells, along with their isogenic proton irradiation-survived
descendants were seeded in 3D fibrin gels with stiffness lev-
els of 90 Pa and 1050 Pa. Previous research has demon-
strated that stiffness of 90 Pa promotes cancer stemness
[54], whereas 1050 Pa approximates the stiffness of healthy
breast tissue [55]. Bright-field digital images of growing
spheroids were captured under a microscope on days 2, 4,
and 6 post-seeding (Fig. 6a). The area of each spheroid
colony was subsequently measured using ImagelJ software.

The mean area of compact MCF7 spheroids (of both
irradiation-survived and parental cells) increased with time
becoming significantly (p < 0.0001) higher in low (90 Pa)
compared to higher (1050 Pa) stiffness gel by day 6 after
seeding (Fig. 6b). When cultured on a fibrin gel with a
stiffness of 90 Pa, MCF7RP cells exhibited a remarkable
(p < 0.01) reduction in spheroid size when compared to
non-irradiated parental cells. This observation suggests a
reduced soft cell population that survives after proton ex-
posure. In contrast, it was not evident in the gel with a stiff-
ness of 1050 Pa, where no difference in colony area was
observed at any time after seeding (Fig. 6b).

Meanwhile, MDA-MB-231 cells, both non-irradiated
parental and irradiation-survived, formed only small diffuse
spheroid colonies that remained almost unchanged in size
over time, regardless of fibrin gel stiffness (Fig. 6b). By
day 4 post-seeding, these cells had even degraded the fib-
rin gel and were predominantly found adherent to the bot-
tom of the 6-well plate. Since cancer cells are known to
secrete matrix metalloproteinases (MMPs) to degrade the
basement membrane and facilitate invasion into the stromal
matrix, we hypothesized that MDA-MB-231 cells mediate
protease-driven degradation of the fibrin gel. However, the
addition of the MMP inhibitor Marimastat on the first day of
culturing had little to no effect on fibrin gel degradation in
both parental and irradiation-survived MDA-MB-231 cells
(data not shown).

3.7 High-LET Irradiation Affects Nanoparticle Uptake and
Extracellular Mechanosensation by Breast Cancer Cells

After observing the differing abilities of proton
irradiation-survived MCF7RP and MDA-MB-231RP cells
in 2D migration in a monolayer and confined migration
(Fig. 4), we aimed to further evaluate their metastatic po-
tential in comparison to their parental counterparts. One
emerging method for assessing metastatic potential is the
NP test, which examines cellular nanoparticles (NP) uptake.
This approach explores the relationship between cell migra-
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tion and cancer cell endocytosis, emphasizing the role of the
actin cytoskeleton [37].

To investigate the well-documented influence of ECM
on cytoskeletal changes, cells were either pre-cultivated on
rigid plastic surfaces (>107 kPa) or allowed to grow in a
pliable 3D fibrin gel (90 Pa). Following this, the amount of
cell-associated NPs was evaluated in two-dimensional (2D)
settings, where cells pre-cultivated on plastic surfaces were
adhered to a rigid plastic surface and cells from 3D fibrin gel
were seeded onto a soft fibrin gel layer (90 Pa). The amount
of single cell-associated NPs was quantified subsequently
using high-content imaging and analysis techniques, as out-
lined in our prior research [56]. The cells without NPs were
used as the negative controls (see Fig. 7a).

Regardless of microenvironment stiffness during pre-
cultivation and NP association, the highly metastatic
parental MDA-MB-231 cells exhibited significantly higher
NP association efficiency compared to non-metastatic
parental MCF7 cells (Fig. 7b). In contrast, the efficiency of
NP association in PBI-survived MCF7RP and MDA-MB-
231RP cells displayed a clear dependence on microenviron-
ment stiffness. MDA-MB-231RP cells exhibited a marked
reduction in NPs association compared to their parental
counterparts (p < 0.01) when both exposure and NP-cell
interactions occurred in a soft microenvironment (Fig. 7b,
lower panel). However, in stiff conditions, no significant
changes in NP association were observed (Fig. 7b, upper
panel). Conversely, MCF7RP cells demonstrated a striking
increase in NP uptake compared to their parental cells (p
< 0.001) under soft microenvironment conditions (Fig. 7b,
lower panel), whereas NP association remained unchanged
in stiff environments (Fig. 7b, upper panel). These findings
indicate that high-LET irradiation alters the mechanosensa-
tion of PBI-survived MCF7RP and MDA-MB-231RP cells,
modifying their ability to perceive the microenvironment
stiffness. This, in turn, results in substantial changes to their
mechano-biological properties, ultimately influencing their
metastatic potential.

Next, we investigated the hypothesis that the microen-
vironment stiffness experienced by BC cell lines during
culture influences their own cytoskeletal changes. Given
that filamentous actin (F-actin) plays a crucial role in de-
termining cell stiffness, one of the important biophysical
features of malignant cells [56], we undertook a compre-
hensive analysis utilizing phalloidin staining of F-actin.

Both parental (P) MDA-MB-231 and proton
irradiation-survived (RP) MCF7 cells cultured on a
stiff plastic (Fig. 7a,b upper panels) exhibited significantly
greater levels of cellular F-actin expression than those
grown on a soft fibrin layer (Fig. 7a,b lower panels).
High-LET irradiation-survived MCF7RP cells demon-
strated a notable increase in softness compared to their
parental cells, as evidenced by a significant reduction in
F-actin expression, but only within a softer microenvi-
ronment (Fig. 7b). Conversely, MDA-MB-231RP cells
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exhibited greater stiffness in comparison to their parental
counterparts, although the difference was not statistically
significant when maintained in the same microenvironment
(Fig. 7b, lower panels).

SICM was used to confirm the mechanical properties
of the cell membrane by obtaining both topographical and
stiffness mapping images of parental and PBI-survived cell
sublines (Fig. 7c). We did not observe significant morpho-
logical changes following PBI exposure. The characteris-
tic Young’s modulus revealed that parental MCF7 is sig-
nificantly stiffer than MDA-MB-231 cells, which corrobo-
rates previous studies [57,58]. Furthermore, both the PBI-
survived cell sublines MCF7RP and MDA-MB-231RP ex-
hibited a statistically significant decrease in stiffness fol-
lowing irradiation (Fig. 7d). This finding aligns with our
data on NP uptake and F-actin expression in cells cultured
within a stiff microenvironment (Fig. 7b, upper panel), sug-
gesting a correlation between reduced stiffness, F-actin ex-
pression and increased 2D collective migration of PBI-
survived cells (Fig. 4b).

3.8 High-LET Effects on In Vivo Breast Cancer
Tumorigenesis

The chick embryo CAM model presents a compelling
in vivo alternative for tumor engraftment. Its vascularized
membrane fosters robust tumor growth while the chick em-
bryo’s immune system remains underdeveloped until em-
bryonic day 16 (E16), making it an ideal environment for
such research [59—61]. In this in vivo model, we sought
to investigate the comparative tumorigenic potential of
parental (P) MDA-MB-231 and MCF7 cells alongside their
proton irradiation-survived counterparts (RPs).

By E16, the parental (P) MDA-MB-231 cells formed a
substantially larger tumor mass organization characterized
by a well-organized tumor—stroma that exhibited a white-
opaque appearance and marked revascularization through
CAM vessels (see Fig. 8, lower panel, marked by the black
arrow). The implanted parental MCF7 cells exhibited a
well-organized structure within small clusters, particularly
near the CAM vessels. There was little indication of tu-
mor mass organization, accompanied by surrounding mes-
enchymal and inflammatory reactions (refer to Fig. 8, upper
panel).

Fig. 8 clearly illustrates that the proton irradiation-
survived (RP) variant of MDA-MB-231RP cells displayed
only minimal tumor growth (indicated by black arrow),
highlighting a ~6-fold decrease in their tumorigenic po-
tential in vivo compared to parental MDA-MB-231 cells.
On the other hand, MCF7RP cells exhibited a more pro-
nounced (~3-fold higher size) organization of tumor mass
compared to their parental cell line. These data suggest
that high-LET proton irradiation substantially impacts the
tumorigenic ability of these cells when compared to their
syngeneic parental counterparts.
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4. Discussion

BC is the most common cancer type among women
globally and the second most common overall, making
it a major contributor to cancer-related mortality among
women worldwide [62]. While PT shows a promising ap-
proach for the treatment of BC, there is still a substantial
knowledge gap regarding the cellular and molecular re-
sponses of BC cells to proton irradiation. In this study,
we investigated the RBE of PBI for two BC cell lines,
MCF7 and MDA-MB-231 (Fig. 1a), using a clonogenic as-
say. The RBE of PBI in MCF7 and MDA-MB-231 (Fig. 1b)
cell lines for the 10% cell survival fraction (i.e., SF = 0.1)
was found to be 1.7 and 1.75, correspondently, demonstrat-
ing the superior efficacy of PBI in eliminating cancer cells
compared to conventional photon irradiation. Notably, the
MDA-MB-231 cells demonstrated the lowest clonogenic
survival rates after high LET irradiation when compared to
the MCF7 cell line. This finding is consistent with previ-
ous observations [34]. The large differences in the slopes
of D10% for proton and D10% for X-ray curves in both BC
cell lines show that both physical and biological factors are
important in determining the sensitivity of BC cells to radi-
ation based on LET.

High-LET radiation, such as PT, induces complex
clustered DNA lesions including non-DSB damage sur-
rounding DSB. These lesions are often inefficiently re-
paired or remain unrepaired, contributing to the greater mu-
tagenic and cytotoxic effects observed in irradiated cells
[63,64]. Our observed differences in the sensitivity of
TNBC (MDA-MB-231) and ER-positive (MCF7) cell lines
to PT raise questions regarding the DDR protein signa-
tures associated with cellular sensitivity to high- versus
low-LET radiation. The expression changes of these DDR
proteins following ionizing radiation exposure have been
extensively studied by us and other researchers [65—69].
Earlier transcriptomic studies identified several key genes
involved in BC cell radiosensitivity to high-LET radiation
including Rad51 [70], along with four additional effectors,
recently confirmed [71].

The present study demonstrates that PBI induces sig-
nificantly different effects on DNA DSBs in two BC cell
lines, as evidenced by the immunofluorescent analysis of
YH2AX protein. Notably, after 1 hour of 2 Gy irradiation,
the number of YH2AX foci was higher in MDA-MB-231
cells compared to MCF7 cells (Fig. 2a,b). These differ-
ing responses likely stem from the fundamental genetic and
molecular differences between the two cell lines. MDA-
MB-231, a more aggressive TNBC subtype, is known for
its increased genomic instability and a greater propensity
for accumulating DNA damage. Similar findings were re-
ported by Alkhansa Mahmoud et al. [34], who demon-
strated that MDA-MB-231 cells exhibit greater radiosen-
sitivity than MCF7 cells, showing significantly higher
YH2AX expression via Western blot analysis. In our study,
MDA-MB-231 cells also exhibited increased levels of all
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three key DDR proteins 48 hours post-irradiation with PBI
(Fig. 2). This suggests the presence of residual RIF that re-
mains unresolved has the potential to cause significant cel-
lular damage. Consequently, the decreased clonogenic sur-
vival of MDA-MB-231 cells following PBI (Fig. 1b) can
be attributed to their inefficient DNA damage repair mech-
anisms. This is further supported by the persistent accumu-
lation of unresolved RIF of three critical DDR proteins after
irradiation.

Tumor repopulation and metastasis following IR re-
main major challenges in the successful effective elimina-
tion of cancer. To address this, we aimed to investigate
the characteristics of BC cells that survive PBI, focusing on
their ability to grow and spread. MCF7 and MDA-MB-231
cell lines were exposed to a single lethal dose (6 Gy) of PBI
and allowed to recover for 3—4 weeks. All subsequent ex-
periments (refer to Sections 2.6—2.12) were conducted to as-
sess the survival characteristics of their progeny, now des-
ignated as the MDA-MB-231RP and MCF7RP sublines, in
comparison to their parental isogenic counterparts.

Even when DNA damage remains unaddressed, tu-
mor cells can evade programmed cell death and survive
proton-based treatment by entering various forms of dor-
mancy including senescence. Despite being permanently
arrested in proliferation and lacking the ability to divide,
senescent cells exhibit resistance to apoptosis, sustained
metabolic activity, an SIPS phenotype, and the ability to
alter their surrounding microenvironment [72]. Studies, in-
cluding our own, have demonstrated that the IR dose plays
a crucial role in determining whether irradiated cancer cells
undergo senescence or apoptosis [67,73—-76]. This phe-
nomenon is closely associated with the extent of DNA dam-
age and the functionality of the DDR network. Entosis has
recently been proposed as another potential survival mech-
anism in cancer cells exposed to radiation-induced stress
[46]. Through this process, tumor cells compete with the
winning cells engulfing and eliminating weaker neighbor-
ing cells. Additionally, there is evidence suggesting that
stress conditions can trigger a fatal form of entosis, where
internalized cell undergoes lysosomal digestion. This has
been observed in approximately 30% of MCF7 cells grown
in suspension, while under the same conditions, no entotic
events were detected in MDA-MB-231 cells [77]. How-
ever, under fully adherent conditions, certain cancer cells
may undergo a vital form of entosis instead [46]. BC
is known to exhibit a high level of entosis competence,
with entotic figures observed in both primary tumors and
metastatic lesions [47—49]. Here, for the first time, we re-
port that the entotic program is exclusively activated in pro-
ton irradiation-survived MCF7 cells (Fig. 3c) under fully
adherent conditions. In contrast, this phenomenon remains
absent in MDA-MB-231 cells grown under identical condi-
tions. Remarkably, a majority of entotic MCF7 cells were
positive for SA-3-gal, a well-established marker of SIPS
(Fig. 3b, indicated by arrows). Although the proportion of
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entotic cells was low under adherent, serum-enriched con-
ditions, it dramatically increased over time following pro-
ton irradiation (Fig. 3c). Collectively, the increased pres-
ence of SA-(-gal+ cells and the occurrence of entosis in
TP53-competent MCF7 cells likely mirror a more precise
and efficient DNA repair response following high-LET ir-
radiation. This contrasts with TP53-deficient MDA-MB-
231 cells, which lack efficient DNA repair responses to sup-
port these compensatory survival mechanisms. These find-
ings suggest that entosis may play a crucial role in BC pro-
gression, with potential implications for therapeutic target-
ing. Entosis is often associated with more aggressive cancer
phenotypes, which correlate with poor prognosis and lower
survival rates [78—80]. Previously, we observed a similar
increase in entosis linked to TP53 phenotype in adherently
propagated NSCLC cell lines following low-LET irradia-
tion [81].

Our observed significant differences in clonogenic
survival, DDR, motility, and invasiveness in response to
PBI raise the question of whether the key molecular ef-
fectors driving these processes are also differentially en-
gaged in MCF7RP and MDA-MB-231RP sublines. Re-
cent transcriptomic studies have indicated that following
PBI, the TP53 signaling pathway was identified as the most
statistically significant pathway activated in MCF7 cells
[71,81]. This activation emphasizes its crucial role in bal-
ancing cell survival and death after irradiation. In contrast,
the EMT pathway was among the top five activated path-
ways in MDA-MB-231 cells following PBI [12,71]. Our
findings collectively indicate that high-LET radiation in-
duces a divergent, either non-classical (hybrid) EMT or
mesenchymal-to-epithelial transition (MET) phenotypes in
irradiation-survived sublines. Based on classical marker
expressions, MCF7RP (TP53-competent) cells exhibited
more likely a MET phenotype, characterized by lowering
N-cadherin and Vimentin levels and a significant increase
in E-cadherin expression. Conversely, MDA-MB-231RP
(TP53-deficient) cells intensified their mesenchymal phe-
notype, showing significant upregulation of N-cadherin and
a marginal increase in SNAIL, despite unchanged levels of
Vimentin and E-cadherin expressions. This hybrid EMT
phenotype induced by high-LET irradiation in MDA-MB-
231RP sublines significantly enhanced 2D collective mi-
gration in monolayer (Fig. 4b), but not the 3D confined mi-
gration (Fig. 4d) compared to their parental counterparts.
This raises the question of whether there is a direct corre-
lation between the EMT-MET phenotype, migration, and
invasion of cancer cells. For instance, previous study have
demonstrated that EGFR inhibition in prostate cancer ep-
ithelial cells reduced their migration but not invasion [82].
Additionally, defining EMT solely based on a limited set
of classical markers, as was carried out in the current study,
may not provide a comprehensive characterization of the
process. Initially studied in the context of embryonic devel-
opment, EMT research has since evolved into a major focus
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in cancer biology. However, the variability and adaptabil-
ity of EMT programs have not been adequately addressed
[39]. Our study highlights that during the EMT-MET pro-
cess, cancer cells often co-express epithelial and mesenchy-
mal markers, frequently failing to undergo complete EMT
transition. This suggests that partial (or hybrid) EMT states
are more common than previously thought, reinforcing the
idea that traditional EMT markers, such as E-cadherin, N-
cadherin, and Vimentin, may not fully capture the complex-
ity of EMT in cancer cells [39].

The unique biophysical properties of metastatic mi-
grating cells, including their exceptional motility and de-
formation capabilities, enable them to navigate through the
physical constraints imposed by adjacent cells and the ECM
[29,50]. Solid tumors are influenced by mechanical forces
from the surrounding tissue, which induce tumor cells’ de-
formation, significantly impacting their migration, division,
and survival [83]. A strong correlation exists between can-
cer cell deformability and malignancy, with a reduction in
cancer cell stiffness, as measured by the Young’s modulus
[84]. Stiffness defined as the ratio of stress to deformation
describes a cell’s ability to resist shape changes. In various
cancer types, undifferentiated tumorigenic cells are gener-
ally softer than their differentiated counterparts [85]. No-
tably, metastatic cancer cells isolated from the pleural fluids
of BC patients exhibited over 70% lower stiffness compared
to benign reactive mesothelial cells [86]. During entosis,
highly deformable soft cells are more efficient in engulfing
and outcompeting stiffer neighboring cells, a process driven
by RhoA and actomyosin activity [87]. Our current findings
indicate that high-LET radiation induces entosis in MCF7
cells (Fig. 3c), while it does not affect MDA-MB-231 cells.
The difference suggests inherent variations in cellular stiff-
ness, which was confirmed by our SICM measurements of
the two cell lines. Interestingly, the tendency for entosis did
not show any correlation with cell stiffness as assessed by
SICM (Fig. 7¢,d). Of note, the descendants of PBI-survived
both MCF7 and MDA-MB-231 cells further decreased their
cellular stiffness.

ECM stiffness plays a crucial role in various cellu-
lar processes, including growth, proliferation, migration,
immunity, malignant transformation, metabolic reprogram-
ming, and apoptosis [88]. In the present study, we inves-
tigated the effects of ECM stiffness on MCF7 and MDA-
MB-231 cells. Our findings reveal a compelling inverse re-
lationship between the volume of parental MCF7 spheroids
and the stiffness of the fibrin gel used for encapsulation
(Fig. 7a,b). This observation aligns with a recent study that
reported similar results using MCF7 cells cultured on a lin-
ear stiffness gradient of GelAGE [89]. For the first time,
we demonstrate that proton irradiation affects the spheroid-
forming (tumorigenic) abilities of MCF7 cells, as revealed
by spheroid culturing within a 3D soft (90 Pa) fibrin gel mi-
croenvironment (Fig. 6). Liu et al. [53] previously showed
that softer fibrin gels (90 Pa) promote tumorigenicity and
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stemness features in melanoma cells, leading to primary and
secondary tumor formation in animal models. In contrast,
a microenvironment that mimics the mechanical properties
of healthy breast tissue (1050 Pa) [90] likely plays a protec-
tive role in maintaining cell properties, making it difficult to
distinguish MCF7RP from parental cells based on spheroid
area. Our data also highlight the limitations of using soft
fibrin gels to differentiate highly deformable and potentially
more metastatic cancer cells, particularly when these cells
(e.g., both parental and proton irradiation-survived MDA-
MB-231 cells) secrete gel-degrading factors that compro-
mise ECM stiftness (Fig. 6). In our current study, we did
not aim to investigate the nature of fibrin gel-degrading ac-
tivity. The role of matrix metalloproteases (MMPs) was not
supported, as using Marimastat, a broad-spectrum inhibitor
of MMPs, did not affect our study results. Indeed, plasmin,
a serine protease, can break down cross-linked fibrin multi-
mers within a clot in the peripheral circulation. Aprotinin,
a proteolytic enzyme inhibitor, has been previously demon-
strated to slow fibrinolysis [91]. Aprotinin is a natural ser-
ine protease inhibitor that blocks various proteases, such
as plasmin, urokinase, protein C, elastase, cathepsin, and
kallikrein. Aminocaproic acid, another plasmin-specific in-
hibitor, could be further utilized in experiments involving
MDA-MB-231 cells grown in fibrin. Consequently, the in-
fluence of these plasmin inhibitors warrants further inves-
tigation. Together, these findings prompted us to explore
alternative methods for comparing the mechano-biological
characteristics that underlie differences between high-LET
radiation-survived BC cell lines.

F-actin is a critical component of the cytoskeleton
playing a key role in determining cell the mechanical
properties of cells, particularly stiffness [56]. Disrupting
actin stress fibers eliminates variations in cell stiffness,
chromatin stretching, and gene upregulation in response
to mechanical forces [92]. Previous studies have shown
that beads coated with a synthetic peptide containing the
Arg-Gly-Asp (RGD) sequence bind to cells via integrin—
actin linkages. When tethered by tense F-actin bundles
(stress fibers), these bundles primarily resist bead rotation
or movement under stress, serving as an index of cell stiff-
ness. Disrupting of F-actin bundles reduces tethering, lead-
ing to decreased resistance to bead rotation and significantly
lower cell stiffness [93,94]. To examine how ECM stiff-
ness affects cytoskeletal (F-actin) changes and their link to
metastatic potential, we conducted a nano-bead association
assay to assess the ability of MCF7RP, MDA-MB-231RP,
and their parental cell lines to encapsulate carboxylate-
modified fluorescent NPs (see Fig. 7a,b). This encapsula-
tion was used as an indicator of their pro-metastatic phe-
notype [37]. Regardless of the microenvironment stiffness,
the highly metastatic parental MDA-MB-231 cells exhib-
ited significantly higher association efficiency than non-
metastatic parental MCF7 cells (Fig. 7b), consistent with
previous findings [37]. Next, we found that both parental
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cell lines demonstrated mechanosensation—the ability to
perceive ECM stiffness and translate that information into
F-actin expression (Fig. 7b, right upper vs. lower pan-
els). Our results show that high-LET irradiation alters
the mechanosensation of proton-irradiated MCF7RP and
MDA-MB-231RP cells, affecting their perception of mi-
croenvironment stiffness. This, in turn, leads to substan-
tial modifications in their mechano-biological characteris-
tics, ultimately impacting their metastatic potential. This
finding aligns with recent observations in non-metastatic
MCF7 cells and confirms earlier predictions [95]. The F-
actin cytoskeleton is a highly organized composite struc-
ture composed of cortical actin and F-actin stress fibers,
both of which play a crucial role in cell mechanics, in-
cluding division and migration [96]. We present novel ev-
idence that MCF7RP and MDA-MB-231RP cells that sur-
vived high-LET proton irradiation exhibit an inverse cor-
relation between F-actin expression—an indicator of cell
stiffness—and NP uptake, a marker of metastatic poten-
tial. Our findings underscore the significant impact of re-
lationships. In soft microenvironments, high-LET irradi-
ation survivors from the highly aggressive and metastatic
MDA-MB-231 cell line exhibit a significant reduction in
metastatic potential, as manifested by lowering NP uptake
in vitro. Conversely, high-LET irradiation survivors from
the non-metastatic MCF7 cell line appear to enhance this
trait under the same microenvironment. These unexpected
in vitro results prevented us from drawing definitive con-
clusions regarding the tumorigenic and metastatic potential
of the proton irradiation-survived sublines.

This prompted us to directly compare the tumorigenic-
ity of MDA-MB-231RP and MCF7RP cell sublines using
an in vivo model. The chick embryo CAM, in ovo model,
is a promising alternative in vivo system, well-suited for tu-
mor engraftment due to its extensive vascularization, which
supports tumor growth, and the lack of a fully developed
immune system in the chick embryo until E16 [59—61].
This model has been widely used to study cancer biology
in various contexts, including tumorigenicity, angiogene-
sis, metastasis, and anticancer drug testing, and serves as
a robust alternative to simple organoids and costly patient-
derived xenograft (PDX) mouse models [97]. In ovo exper-
iments offer a low-cost, time-efficient approach, allowing
tumor growth assessment within a relatively short 16-day
period, with being for further analysis [59].

In this model, the parental highly aggressive and
metastatic MDA-MB-231 cells formed substantial cell clus-
ters characterized by a well-organized tumor—stroma that
exhibited a white-opaque appearance and marked revascu-
larization through CAM vessels (see Fig. 8, the black arrow
in the upper P panel). In stark contrast, when we grafted
parental MCF7, we observed minimal evidence of orga-
nized tumor mass formation, alongside notable angiogenic
and vasculogenic effects in the surrounding tissue (refer
to Fig. &, the black arrow in the upper panel). The data
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show strong consistency with previously published find-
ings from other research groups [98,99]. Consistent with
our in vitro NP uptake findings under soft microenviron-
ments, MDA-MB-231RP cells displayed only minimal tu-
mor growth (Fig. 8, the black arrow in the lower RP panel),
indicating a substantial decrease in their tumorigenic po-
tential in vivo. In contrast, MCF7RP cells generated larger
tumors compared to their parental cell line (Fig. 8, the black
arrow in the upper RP panel), a result that also aligns well
with our in vitro findings regarding nanoparticle uptake in
softer microenvironments. It is important to consider that
the effects observed in MCF7 cells may be specific to ei-
ther cell type or the species, as parental MCF7 cells ex-
hibited significant alterations in their molecular profile af-
ter grafting onto the CAM, leading to the acquisition of a
more aggressive phenotype. Notably, they transitioned to
a triple-negative status and initiated EMT, as indicated by
the expression of vimentin and the concurrent loss of /-
catenin and CK18 [100,101]. One limitation of this study
is that we did not initially anticipate investigating molecu-
lar phenotype changes in MCF7RP cells post-engraftment
onto the CAM. A more comprehensive analysis is needed
to fully understand EMT and metastatic alterations induced
by both PBI and CAM engraftment, which may provide in-
sights into their role in cancer progression and therapy re-
sistance. Our current findings strongly support the idea that
ECM stiftness significantly influences EMT and tumorige-
nesis in BC cells following proton irradiation. Our upcom-
ing comparative study, incorporating both in ovo and in vivo
methodologies, aims to further explore molecular mecha-
nisms underlying this potential phenotypic switch. Addi-
tionally, our SICM findings suggest that MDA-MB-231RP
and MCF7RP cells exhibit reduced stiffness compared to
their isogenic parental lines.

The effects of ionizing radiation on the cytoskeleton-
mediated mechanobiological properties of tumor cells are
well-established and thoroughly researched [102]. The in-
vestigation into how PBI affects these properties has just
started, leading to new insights and discoveries. While
mechanosensation of the tumor microenvironment (TME)
is usually performed through the activation of surface
mechanosensors such as integrins [103], transient receptor
potential (TRP) ion channels [104], and the yes-associated
protein (YAP) and the transcriptional coactivator with PDZ-
binding motif (TAZ) molecular complex [105], actin cy-
toskeleton plays an essential role as a mechanotransducer.
In this role, it converts physical stress into biochemical sig-
nals, which affect cell actions like division, adhesion, and
migration. X-ray irradiation induced a depolymerization of
the actin filaments and, consequently, a decrease in their
elastic modulus that ultimately led to the augmentation in
the migratory and invasive abilities of tongue squamous cell
carcinoma (TSCC) cells [106]. Alterations in the cytoskele-
tal network were observed, indicated by a reduced signal
intensity of actin fibers. These data correlate well with our
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results. Furthermore, our study clearly indicates that PBI
also affects mechanosensation, so that highly metastatic tu-
mor cells surviving proton irradiation (MDA-MB-231RP)
are more likely to metastasize (indicated by NP uptake) in
a rigid TME compared to when they are in a softer TME.
While this study did not focus on the direct impact of PBI
on mechanosensor functions, it clearly requires further in-
vestigation.

PT for BC is characterized by higher costs and lim-
ited accessibility compared to traditional photon therapy.
Clinical trials have not consistently shown that PT is better
than photon therapy, so radiation oncologists must evaluate
patients carefully. This evaluation is crucial to ensure that
the dosimetric advantages of proton therapy translate into
meaningful clinical benefits.

There are no systematic reviews or clinical trials com-
paring proton therapy’s effects on different molecular sub-
types of BC. Studies have explored how breast cancer cell
lines react to proton irradiation, particularly regarding DNA
repair [107] and molecular pathways [108]. These stud-
ies examine how various cell lines respond to PT, but they
do not address clinical outcomes for different breast cancer
subtypes.

Our research indicates that PT may effectively treat
TNBC by studying cancer recurrence in live models. In
particular, our results indicate that highly metastatic tumor
cells surviving proton irradiation (MDA-MB-231RP) are
more likely to metastasize (indicated by NP uptake) in a
rigid microenvironment compared to when they are in a
softer environment. From a clinical standpoint, combining
treatments that soften tumor tissue with proton therapy may
reduce the risk of metastases in TNBC patients following
radiation therapy. However, this requires further confirma-
tion in vivo models. There is still a strong need for thorough
reviews and clinical trials to compare the outcomes of PT
in various BC subtypes. Such studies would help determine
whether PT provides unique benefits for specific subtypes
and inform personalized treatment strategies.

5. Conclusions

PBI appears to be a key factor in modulating the
mechanosensation of two distinct BC cell lines. In softer
ECM environments, survivors of non-metastatic and less
aggressive MCF7 cells tend to acquire pro-metastatic char-
acteristics. Conversely, post-PBI descendants of highly
metastatic and more aggressive MDA-MB-231 cells ex-
hibit a marked reduction in these traits under similar con-
ditions. Our findings emphasize the limitations of using
2D environments such as rigid plastic culture dishes in dis-
tinguishing highly deformable cancer cells with increased
metastatic potential and tumor repopulation capacity. This
becomes particularly evident with parental MDA-MB-231
and MCF7RP cells acquiring “softness” when cultured in
soft conditions such as a 90 Pa fibrin layer, a trait that cor-
relates with the larger tumor sizes observed in vivo. A lim-
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itation of this study is the use of only two BC cell lines,
representing just two of the four recognized molecular sub-
types. However, the observed association between their
distinct molecular phenotypes and differential responses to
PBI suggests a potential avenue for developing more per-
sonalized treatment strategies tailored to patients with spe-
cific molecular profiles and tumor stiffness. Further studies
are needed to examine the response of additional BC molec-
ular subtypes to PBI, either alone or in combination with
chemotherapy. Potential treatment enhancements could in-
clude recently suggested STAT3-targeting inhibitors [109]
or natural compounds such as ellagic acid [110], which may
improve antitumor efficacy while minimizing adverse ef-
fects. Overall our research demonstrates that high-LET pro-
ton irradiation significantly alters the tumorigenic potential
of BC cell lines in vivo, particularly when compared to their
syngeneic parental counterparts. Results from our clono-
genic (in vitro) and CAM (in vivo) assays not only validate
the superior effectiveness of proton beams but also endorse
their targeted application in certain cancer therapies.
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