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Abstract
Introduction: Breast cancer (BC) is the most common female malignancy worldwide. For the de�nitive
treatment of MC, radiotherapy can be used, as an important component, and uses ionizing radiation (IR).
Studies reveal the potential capacity of IR to promote metastasis. The clinical response of BC to
radiotherapy is related to radiosensitivity and resistance of irradiated cells, which is associated with
clonogenic activity and sensitivity to radiation. Unsuccessful treatment increases the risk of local and
distant recurrence.

Methodology: Three breast cell lines (MCF-10A, MCF-7, and MDA-MB-231) were irradiated with 2 Gy and
after 72 hours following markers were evaluated: E-cadherin, �bronectin, vimentin, and Snail. The
processes of invasion, degradation of MMP2 and MMP9, and transendothelial migration were then
assessed. Double-strand DNA breaks (DSBs), apoptosis, and colony formation were quanti�ed.

Result: The detection of γH2AX histone of irradiated cells showed that MCF-10A non-tumor cell is more
radiosensitive while the MDA-MB-231 tumor cell is more radioresistant. The dose 2 Gy altered the
formation of colonies to any of the cell lines. Tumorigenic cells exhibited a markedly increase in
apoptosis, 24 h after irradiation while MCF-10A cells only after 72 h. A single dose of 2 Gy does not
induce changes in the cellular microenvironment that lead to changes in the mesenchymal epithelium in
breast BC.

Conclusion: A dose of 2 Gy induces apoptosis and consequently an alteration in cell survival. However, a
single dose of 2 Gy does not induce changes in the cellular microenvironment that lead to changes in the
mesenchymal epithelium.

Introduction
Breast cancer (BC) is the most common female malignancy worldwide [1], it is a heterogeneous disease,
which includes a wide variety of histological subtypes and a diversity of clinical behaviors and patient
outcomes [2, 3]. For the de�nitive treatment of BC, radiotherapy can be used, which uses ionizing
radiation (IR). The IR interacts with living tissues, causing cell damage, mutations with possible
carcinogenic effects, or leading to cell death. Studies, in vitro, reveal the potential capacity of IR to
promote metastasis but do not consider the high level of cell death induced by these doses [4, 5].

The objective of radiotherapy is to make tumorigenic cells lose their clonogenicity, preserving the
functions of normal tissues. The clinical response of BC to radiotherapy is related to the clonogenic
activity and the sensitivity to radiation, which depends on the radiosensitivity and resistance of the
irradiated cells [6]. Radiotherapy is generally used to eradicate the microscopic tumor foci left after tumor
resection. Currently, after primary surgery, women undergo treatment receiving 50 Gy, that is, in 25
fractions of 2 Gy, for 5 weeks [7]. Unsuccessful treatment of these microscopic tumor foci increases the
risk of local and distant recurrence [8].
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Several investigations have tried to identify potential mechanisms by which IR may be facilitating cell
invasion and metastasis. One of the processes is the Mesenchymal Epithelial Transition (EMT), which is
related to induced tumor progression [9]. The characteristics of EMT involve loss of epithelial
characteristics such as loss of polarity and intercellular adhesion (E-cadherin), decreased expression of
epithelial markers, and the acquisition of a mesenchymal phenotype increased expression of
mesenchymal markers (vimentin and N-cadherin) result in increased motility [10]. Studies have shown
that breast tumor recurrence after radiotherapy is a feature of EMT [11]. Several in vitro studies have
shown that single doses of IR ranging from 1 to 3 Gy can induce EMT in multiple tumor cell lines,
increasing tumor cell invasiveness and resistance to radiotherapy treatment by some patients [12].

This study aimed to investigate the biological effects in response to exposure of non-cancer and cancer
breast cells to radiation beam established in the international protocol [7] used in radiotherapy (2 Gy) in
the fractional treatment of BC. The techniques used to monitor and compare the response after exposure
to IR were immuno�uorescence to label γH2AX foci, apoptosis, and clonogenic assay. EMT was
evaluated through the expression of its markers (E-cadherin, N-cadherin, vimentin, and snail) and
characteristics (individual invasion, metalloproteinase degradation, and transendothelial migration) in
three human mammary cell lines: non-cancer (MCF-10A); cancer cell in an intermediate stage of
neoplastic transformation, with little aggressive pro�le and low metastatic potential, estrogen-positive
adenocarcinoma (MCF-7) and; highly invasive and metastatic potential pro�le of cancer cells, triple-
negative adenocarcinoma (MDA-MB-231).

Material And Methods

Cell culture
The three human breast epithelial cell lines MCF-10A, MCF-7, MDA-MB-231 were acquired from the
American Type Culture Collection (ATCC) (Manassas, VA, USA). The MCF-10A cell line was cultured in
high glucose DMEM (GIBCO) supplemented with 10% fetal horse serum (FHS, Sigma-Aldrich/Merck) and
the following additives: 10 µg/mL insulin (Sigma-Aldrich/Merck), 0.5 µg/mL hydrocortisone (Sigma-
Aldrich/Merck), 20 µg/mL epidermal growth factor (EGF, Sigma-Aldrich), and 1% penicillin–streptomycin
(Sigma-Aldrich). The MCF-7 and MDA-MB-231 cell lines were cultured in RPMI medium (GIBCO)
supplemented with 10% fetal bovine serum (FBS, GIBCO) and 1% penicillin–streptomycin (Sigma-
Aldrich/Merck). The cells were kept in an incubator at 37◦C and 5% CO2. The cells are from the ATCC
(American Type Culture Collection, Manassas, VA, USA) and kindly provided by the group of Dra. Verônica
Morandi (LabAngio/UERJ, Rio de Janeiro, Brazil). All strains were identi�ed for genotypic authentication
through the search for STRs pro�les (Short Tandem Repeats), by the DNA Diagnostic Laboratory
(LDD/UERJ).

Human Umbilical Vein Cell Culture
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Human umbilical vein endothelial cells (HUVECs) were obtained as previously described [Jaffe et al,
1973]. Endothelial cells were used at passage 3. Umbilical cords were collected according to ethical
guidelines, upon the informed consent given by the donors and after approbation by Ethics Committee of
the Municipal Health Department of the City of Rio de Janeiro and the National Committee for Ethics in
Human Research (CONEP) – Brazilian Ministry of Health (Approval Number
#CAAE46904715.2.0000.5279). Brie�y, cells were detached from the internal wall of the vein through the
addition of 0.1% collagenase type IV (Sigma-Aldrich) in PBS-glucose, and grown in M199 supplemented
with 20% FBS, 2 mM L-glutamine, 2.5 fungizone, 500 U/mL penicillin (Sigma-Aldrich), 500 µg/mL
streptomycin (Sigma-Aldrich) - in 75 cm2 culture bottles previously coated with 1% sterile gelatin and kept
at 37ºC and 5% CO2, as described (Jaffe 1973). To obtain subcultures, the primary cultures were
incubated for 5 min at 37ºC with Versène solution (0.5 mM EDTA in PBS) containing 0.025% trypsin.
HUVEC cells were maintained in M199 supplemented with 20% SFB, L-glutamine and antibiotics.

Radiotherapy Irradiations
The cell lines were irradiated within a linear accelerator (Varian), at the Hospital Universitario Pedro
Ernesto/UERJ. Brazil. To obtain the dose of 2 Gy, planning was performed in a clinical tomography
(Varian/Eclipse) and then the cells were irradiated in the accelerator using a photon beam with energy of
6 MeV, the �eld of 12x10 cm2, and dose rate equal to 400 cGy/min. Cells were irradiated at room
temperature in �asks/culture plates placed between two 1 cm polymethyl methacrylate (PMMA) plates,
resulting in approximately 4.5 cm thick. For the irradiation protocol, the following were established: (1)
non-irradiated control; (2) single-dose equal to 2 Gy. For cell irradiation, in the clonogenic and apoptosis
assays, the culture �ask (25 cm2) was placed inside a 4.5 cm thick polymethyl methacrylate (PMMA)
breast phantom. For the immunostaining assay (nuclear γH2AX detection), cells were irradiated in a 24-
well culture plate, for the analysis of EMT markers, individual cell invasion, analysis of metalloproteases,
and transendothelial cell migration, cells were irradiated in a 6-well culture plate. The plate was placed
between two 1 cm PMMA plates resulted in approximately 4.5 cm thick.

Detection of γH2AX foci by immuno�uorescence
Cells were seeded (3x104 cells/well) in the wells of a 24-well plate containing round coverslips (∅ 13 mm)
and subsequently irradiated. At four different times (0, 15, 30, and 60 min) after irradiation, the cells were
�xed with absolute methanol for 5 min at room temperature. Cultures were then blocked with 1% bovine
serum albumin (BSA) in PBS and incubated with anti-γH2AXser139 antibody (1:200, Merck-Millipore) in 50
mM Tris buffer containing 0.9% NaCl and 1% BSA (TBS/BSA) for 40 min. Three washes were performed
with PBS. Cells were subsequently incubated with Alexa Fluor 555 goat anti-rabbit IgG (H + L) antibody
(1:400, A-21428 Invitrogen) in TBS/BSA with 10% goat serum (G9023 Sigma) for 40 min. Coverslips were
mounted on slides with ProLong Gold Antifade containing DAPI (P36935 Invitrogen). All slides were
analyzed using the Evos-� microscope, model M5000 (Thermo Scienti�c), equipped with �uorescence
and triple-pass �lter band. Two types of analyses were performed. In the �rst one, the number of γH2AX
foci (immuno�uorescence labeling) in 1000 cells was determined. The γH2AX label was quanti�ed using
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the image processing software Image J. In the second analysis, at 100x magni�cations, 100 nuclei of the
cultured epithelial cells bearing γH2AX foci were used for each experiment and the number of foci per cell
was counted. A repair time of 15 min was chosen to count IR-induced DSBs. Based on the number of
observed γH2AX foci in individual nuclei, a classi�cation criterion was designed, in order to produce a
scoring system: nucleus with less than 5 foci (x < 5), a nucleus with foci between 5 and 15 (5 < x < 15),
and nucleus with more than 15 foci (x > 15).

Flow cytometry assay
The percentage of apoptosis was estimated from the number of cells positive for Annexin V-FITC and
negative for propidium iodide (PI), using the Annexin V Apoptosis Detection Kit (BD Bio-sciences) [33], by
�ow cytometry on a BD Accuri C6 �ow cytometer (5×103 events). MCF-10A, MCF-7, and MDA-MB-231
cells were grown in culture �asks (25 cm2). Before irradiation, the medium was removed, and the �asks
were �lled with PBS and placed inside a PMMA phantom. After irradiation, the apoptotic response in the
cell lines was measured at 0, 24, 48, and 72 h.

Clonogenic assay
The cells (3x104 cells/�ask) were irradiated in culture �asks (25 cm2) �lled with PBS (1:10) and placed
inside a PMMA phantom. After irradiation, PBS was removed, and the cells were detached from the �ask
through the enzymatic action of 0.025% trypsin. Cells were then counted and seeded (2×102 cells/well) in
6-well plates, in their respective culture media. After 14 days at 37°C and 5% CO2, the cells were �xed with
3.7% formaldehyde in PBS (1:10) and stained with 0.5% violet crystal. Colonies were counted on an
inverted microscope (Zeiss Axi-overt) and only colonies with more than 50 cells were considered. The
number of colonies formed in the respective control was used in the calculation of the plating e�ciency,
which was then used to calculate the survival fraction of the irradiated samples [13].

Analysis of EMT Markers by Western Blotting
The epithelial marker E-cadherin was analyzed, which indicates the loss of polarity and increased
mobility, allowing cell migration and invasion, as well as the mesenchymal markers vimentin, �bronectin,
and Snail, which indicate the acquisition of a mesenchymal phenotype [14]. The MCF-10A, MCF-7, and
MDA-MB-231 cells (3x104 cells/well) in 6-well plates were irradiated and kept at 37ºC and 5% CO2 for 72
h in the presence of their respective culture. Then, the cells were treated with 10 mM HEPES lysis buffer,
pH 7.4 [150 mM NaCl, 1% Triton X-100, 20 mM NaF, protease inhibitor cocktail (p8340, Sigma-
Aldrich/Merck) and phosphatase inhibitor cocktail (p5726, Sigma-Aldrich/Merck)]. The protein-enriched
fractions were collected and centrifuged at 14000 x g for 10 min at 4°C. The total protein in the extracts
was determined using the BCA method (Pierce® BCA Protein Assay kit). The proteins were
electrophoresed on an SDS-PAGE gel and then transferred to a PVDF membrane (Immobilon, Merck-
Millipore). After blocking for 4 h at room temperature with 1% bovine serum albumin (BSA, Sigma-Aldrich)
in Tris-buffered saline (TBS) buffer [0.02 M Tris, pH 7.6, containing 150 mM NaCl], the membranes were
treated overnight under agitation at 4ºC with the primary antibodies against the respective proteins of
interest, diluted in TBS buffer with 0.15 Tween-20 (TBS-T) plus 1% BSA. The following primary antibodies
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were used: anti-E-cadherin (1:1000, #3195, Cell Signaling), anti-�bronectin (1:5000, #A0245, Dako), anti-
vimentin (1:1000, #550513, BD Pharmingen), anti-Snail (1:1000. #3879, Cell Signaling), and ant-tubulin
(1:5000, #T5168, Sigma) as a control. The membrane was then incubated with respective rabbit or
mouse secondary antibodies conjugated to HRP – (Cell Signaling). For the development of the bands, the
membranes were treated with chemiluminescent HRP activity detection reagent (ECL Western Blotting
Detection Reagents, Amersham), according to the manufacturer's instructions. The analysis of the bands
was performed with the aid of the Adobe-Photoshop 6.0 program.

Analysis of Individual Cell Invasion
Individual cell invasion capacity was evaluated by counting cells that were able to invade a protein matrix
(Matrigel™) and to cross a porous membrane towards a preferred condition (chemoattraction). Migration
inserts �tting 24-well plates and bearing 8 µm pore size membranes (BD Falcon) were treated with 200
µg/mL Matrigel with reduced growth factor (#354230, Corning), diluted in Tris pH 8.0 buffer (0.01 M Tris
and 0.7% NaCl), for 2 h at 37°C, for polymerization. MCF-10A, MCF-7, and MDA-MB-231 cells (5x104

cells/well) in 6-well plates were irradiated, and after 72 h, the cells were trypsinized and seeded (3x104

cells/well) on the polymerized matrix, in the presence of the respective culture media without
supplements at 37ºC for 18 h, while the lower portion of the inserts received culture medium
supplemented with 5% FBS (chemoattractant). The cells that invaded through the Matrigel layer reaching
the other side of the membrane were �xed with 3.7% formaldehyde diluted in PBS for 10 min and stained
with DAPI (Sigma-Aldrich). Twenty �elds were selected at random and cells were counted using an EVOS
M5000 PI-AMG �uorescence microscope.

Analysis of Metalloproteases by Zymography
To determine the effect of radiation in matrix degradation was evaluated the collagenolytic activity that is
associated with the matrix metalloproteases MMP2 and MMP9. MCF-10A, MCF-7, and MDA-MB-231 cells
(5x104 cells/well) in 6-well plates were irradiated and maintained for 72 h in the presence of an FBS-free
culture medium. The media were then collected and centrifuged at 14000 x g and 4°C for 10 minutes. The
amount of total protein was measured using the protein binding method to the Coomassie blue dye
(Bradford, Sigma-Aldrich/Merck), following the manufacturer´s instructions. The zymography was
performed in a 10% acrylamide fractionating gel, co-polymerized with 1% gelatin and 0.4% SDS. The
samples (10 µg/well) were applied in a 3% acrylamide concentrating gel. After the run, the protein was
renatured for 1 h in a solution containing 2.5% Triton X-100 while stirring. The gel was kept in a
development buffer (50 mM Tris-HCl pH 7.8, containing 150 mM NaCl and 5 mM CaCl2) for 72 h at room
temperature and stained with 0.1% Coomassie Brilliant Blue R-250. The quanti�cation of the bands was
performed by densitometry with the aid of the Adobe Photoshop program.

Analysis of Transendothelial Cell Migration
This test mimics the invasion of tumor cells through blood endothelial cells. Endothelial cells (HUVEC)
suspended in M199 medium supplemented with 20% FBS were seeded (2x105 cells) in 8.0 µm pore
polycarbonate �lters (BD Biosciences) previously coated with gelatin, inserted into 24-well plates, until
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reaching con�uence (48 h). Endothelial cell monolayers were treated with 10 ng/µl TNF-α in M199
supplemented with 0.1% BSA for 4 h. After this, the wells were washed with M199. Seventy-two hours
after irradiation, MDA-MB-231 cells were marked with the viability �uorochrome PKH26 and seeded
(3x104 cells/well) over the HUVEC monolayer. The lower compartment was �lled with 800 µL RPMI
medium supplemented with 5% FBS. After incubation for 16 h at 37°C and 5% CO2, the transmigrated
cells were �xed with 3.7% paraformaldehyde and stained with DAPI. Twenty �elds were selected at
random and cells were counted using an EVOS M5000 PI-AMG �uorescence microscope.

Statistical analysis
Expressed were data as mean ± standard deviation (SD) from at least three independent experiments.
The difference between the experimental groups was assessed by the ANOVA test (analysis of variance),
followed by Bartlett’s post-test, through the GraphPad Prism 5.01 program (Intuitive Software for
Science).

Results

Detection of γH2AX foci by immuno�uorescence
The Fig. 1 (a) shows that in the 60 min interval, the MCF-10A cell has a greater number of cells with
γH2AX foci at 15 minutes after irradiation, while the MCF-7 cell has the greatest number of γH2AX foci at
30 minutes. Both breast cells showed an increase in γH2AX labeling followed by a further reduction over
the analysis time. Or the contrary, the MDA-MB-231 cell showed an increasing increase in γH2AX focus in
a time of 60 min. We also quanti�ed the number of γH2AX foci per cell, after 15 min of irradiation as
shown in Fig. 1 (b). Our results show that after irradiation with 2 Gy all cell lines have x >15. Showed that
the biggest number of cells with x > 15 was found for the non-tumorigenic cell line MCF-10A, showing
greater severity. Regarding the MDA-MB 231 cell line, the largest number of cells was classi�ed as x > 15
group, regardless of exposure to radiation.

Flow cytometry assay
It was observed that the tumorigenic strains presented a similar apoptotic response pro�le. The cells,
MCF-7 and MDA-MB-231, had greater apoptosis 24 h after irradiation. While the non-tumorigenic cell,
MCF-10A had greater apoptosis within 48 h. However, 72 h after being irradiated, the three cell lines
showed similar apoptosis (Fig. 1 (c).

Clonogenic assay
Increased proliferation is known to be a remarkable behavior of cancer cells [14]. We assessed the breast
cell lines 14 days after irradiation for the ability to generate clonal colonies at low-density seeding (20
cells/cm2). The results show signi�cant differences, Fig. 1 (d). The studied breast cell lines had their
proliferation capacity inhibited after 14 days of irradiation with a dose of 2 Gy. But lineage MDA-MB-231
had greater proliferation, while lineage MCF-7 had less proliferation.
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Analysis of EMT Markers
In that evaluation we observed that dose 2 Gy was able to induce changes in the expression of EMT-
related proteins, Figure 2 (a). The E-cadherin marker was up-regulated for an MCF-10A cell and down-
regulated for an MCF-7 cell, Figure 2 (b). Vimentin marker was not detected in the MCF-10A and MCF-7
cells lines, Fig. 2 (c). The N-cadherin marker and the critical EMT regulator, Snail, were not expressed by
any cell lineage.

Individual Cell Invasion Analysis
In this assay, it was possible to observe in Fig. 3 that the dose of 2 Gy induced a greater number of MDA-
MB-231 cells in the invasion process. For MCF-10A and MCF-7 cell lines, no signi�cant difference was
observed.

Analysis of Metalloproteases by Zymography
There was no expression of collagenolytic activities compatible with MMP2 in irradiated cells in any of
the cell lines, regardless of whether they were irradiated or not, Figure 4 (a). The reduction of
collagenolytic activity compatible with MMP9 was observed in MCF-10A and MDA-MB-231 cells after
irradiation compared to the respective non-irradiated control, Figure 4 (b) and (c). The MCF-7 cell,
however, had increased collagenolytic activity compatible with MMP9 after exposure to dose 2 Gy, Figure
4 (d).

Analysis of Breast Cancer Cell Transendothelial Cell
Migration
In the invasion assay, the MDA-MB-231 lineage had a greater number of cells invading, it is considered
invasive and metastatic [15]. Therefore, the behavior of this cell was evaluated in transendothelial
migration. Inhibition of the ability of MDA-MB-231 cells to migrate through the monolayer of endothelial
cells was observed after exposure to dose 2 Gy compared to the non-irradiated control, Figure 5 (a). And
when exposed to the pro-in�ammatory cytokine TNF-α, there was also a reduction in the migratory
capacity, Figure 5 (b).

Discussion
Recently, 2.3 million women were diagnosed with BC globally [16]. When the BC is identi�ed early
treatment can be highly effective. This treatment consists of a combination of surgical, radiation therapy,
and medication (chemotherapy, hormonal therapy, and targeted biological therapy), prevent cancer
growth and spread, thereby saving lives. Therefore, studies for advances in the treatment of this type of
cancer have priority.
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Radiotherapy is used to treat effectively various cancers in different stages, included advanced. However,
has been shown that patients can acquisition of radioresistance during radiotherapy, which causes
therapy to become ineffective [17]. Apart from this, damage to normal tissues is unavoidable during high-
dose radiation treatments. For the radiotherapy treatment to be considered successful it is necessary that
an increase in tumor cell death occurs while the adverse effects in the surroundings of healthy tissues are
minimized. Thus, understanding the mechanisms that enhance radioresistance is important for
advancing the development of new radiotherapeutic strategies [18].

High doses mainly cause damage to cellular DNA and proteins [19, 20], while doses of approximately 200
mGy can have anti-in�ammatory events. However, it is not possible to know all in�ammatory factors and
their signaling pathways for all types of radiation doses administered. Distinguishing between effective
doses with less damage to surrounding tissues in the �eld of radiotherapy is challenging. Our results,
where different cell models received a single dose of 2 Gy, show that there was no change in the cellular
microenvironment leading to changes in the mesenchymal epithelium.

The occurrence of DSB in the DNA molecule is considered the most critical damage and can lead to cell
death, mutations, and genomic rearrangements that contribute to the development of cancer [21]. The
activation of histone H2AX (γH2AX), important signaling damage in the DNA molecule, was investigated.
[22], using the biomarker of histone H2AX phosphorylation on serine 139 (γH2AX), which is considered a
sensitive and accurate marker of IR-induced DSBs [23]. The MCF-10A non-tumor cell had a greater
number of γH2AX foci 15 min after irradiation, while in the MCF-7 tumor cell the greatest number of foci
occurs at 30 min after irradiation. However, at 60 min the number of foci of the two strains is declining. In
the MDA-MB-231 tumor cell, the number of foci increases over the time of experimental analysis. This
suggests ine�cient repair of that cell. It is also observed that the repair response in tumorigenic cells is
slower when compared to the non-tumor cell MCF-10 A, which is successful in repair after 15 min. This
data suggests that these cells have a repair mechanism su�cient to repair the damage to the DNA
molecule [24]. Even so, it is not possible to say that all the damages were repaired e�ciently, because no
analysis of the repair mechanisms was carried out. This temporal reduction in the number of cells labeled
for γH2AX may be associated with repair events of DNA breaks, and the permanence of others with the
label may be associated with an incorrect repair. This is in agreement with the literature that suggests
that tumor cells may have lower e�ciency in repair mechanisms [25]. The persistence of γH2AX foci in
DNA is associated with failures in the repair mechanism that can lead to genomic instability, cell death,
and carcinogenesis [26, 27].

The results obtained by immuno�uorescence analysis showed differences between the sizes and
quantity of γH2AX foci, being speci�c for each cell line. Both MDA-MB-231 and MCF-7 tumor lines
exhibited fewer γH2AX foci when compared to the non-tumor cell MCF-10A. Furthermore, these
quanti�cation results suggest that the MCF-10A non-tumor cell is more radiosensitive while the MDA-MB-
231 tumor cell is more radioresistant when irradiated with 2 Gy.
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In this research, it was demonstrated that the evaluated strains had their ability to form colonies inhibited
with the dose of 2 Gy. However, there are distinctions in the proliferative capacity of cells. Tumor cell lines
had a higher rate of apoptosis 24 h after being irradiated, that is, IR was able to induce damage to DNA
molecules, which could not be repaired by the cell's DNA system. However, the triple-negative
adenocarcinoma cell, MDA-MB-231, when compared to the MCF-7 cell, has a higher survival fraction 14
days after receiving the 2 Gy dose, showing to be more aggressive in terms of proliferation. The non-
tumor cell MCF-10A has a higher rate of apoptosis 48 h after irradiation. However, its clonogenic capacity
suggests that the radiation dose used was not able to promote su�cient cellular alterations that lead a
normal cell to undergo some type of malignant transformation. For, the transformation of non-tumor cells
into neoplastic cells is a complex event that develops in multiple stages [14, 28, 29]. The ability to deal
with DNA damage is highly dependent on the cell type, and this de�nes its radiosensitivity. Cell death is
the loss of proliferative capacity, and survival is related to clonogenic capacity.

In addition to γH2AX labeling, apoptosis, and survival, this research aimed to evaluate characteristics
directly related to the carcinogenesis process, such as EMT. Some studies demonstrate that EMT has
been observed in breast cells after irradiation in radiotherapy [30, 31]. Cells with an epithelial phenotype
acquire a mesenchymal phenotype. And this may be associated with disease recurrence and
radioresistance. Therefore, we evaluated EMT markers when cells, MCF-10A, MCF-7, and MDA-MB-231,
received a single dose of 2 Gy.

It was observed that the epithelial marker E-cadherin was expressed positively in the normal MCF-10A
cell, and in tumor cells it was expressed negatively in the MCF-7 cell, showing that this cell lost adherence
[30, 31, 32, 33], and had MMP9 degradation, which can facilitate the process of invasion and metastasis
[31, 32]. However, this cell did not show changes in the mesenchymal markers N-cadherin, Vimentin, and
Snail, while in the MDA-MB-231 cell this marker is absent. The absence of E-cadherin indicates a lack of
adherence and increased motility, ability to migrate, invade and metastasize. However, after irradiation
with a single dose of 2 Gy, there was no change in the mesenchymal markers N-cadherin, Vimentin, and
Snail. This cell had its invasiveness doubled 72 h after irradiation, showing the absence of E-cadherin.
Because it invaded and the ability to carry out metastasis is known, the transendothelial migration of this
cell was evaluated. It can be said that 72 h after receiving a dose of 2 Gy, the MDA-MB-231 cell is induced
to invade, but it cannot migrate through the endothelial cell monolayer. These data are in agreement with
Young et al [34]. Young irradiated with 2.3 Gy the cell lines MCF-7 and MDA-MB-231 and observed that
the marker vimentin did not show variation in expression. Furthermore, this does increase MDA-MB-231
invasion but did not increase invasion through the reconstituted basement membrane. It is important to
note that these results were observed at the clinically used dose for standard fractionated radiotherapy
treatment for CM.

Conclusion
These investigations suggest that a single dose of 2 Gy induces apoptosis and consequently an
alteration in cell survival. However, a single dose of 2 Gy does not induce changes in the cellular
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microenvironment that lead to changes in the mesenchymal epithelium.

A change in the regulation of the expression of the epithelial marker E-cadherin was observed in MCF-10A
(up-regulation) and MCF-7 (down-regulation) cells, but no variation was observed in the mesenchymal
markers in these cells. It can also be noted that there was no change in the phenotype of cells with
respect to cell invasion. However, in the MCF-7 cell, there was an increase in collagenolytic activity
compatible with MMP9, but this increase did not re�ect the changes in the aforementioned phenomena.

Regarding the MDA-MB-231 cell, there was no change in the expression of the analyzed markers.
However, there was an increase in cell invasion, showing that other pathways, in addition to the classic
one associated with EMT, may be in�uencing this response. These data, taken together, show that the
MDA cell was the one with the lowest radiosensitivity (smallest reduction in the survival fraction) and
increased cellular invasion when exposed to a fractional dose of 2 Gy treatment. Suggesting a greater
chance of recurrence and metastasis in patients with aggressive tumors, where tumor cells have survived
radiotherapy treatment.
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Figure 1

(a) Temporal analysis on the activation of histone γH2AX in breast cells irradiated with dose 2 Gy. The
results represent the mean ± SD of at least three experiments, with signi�cance of P<0.001 (****). (b)
Analysis of the number of γH2AX foci per cell after 15 min irradiation with dose 2 Gy (x = foci). (c)
Apoptosis in breast cells after irradiation with dose 2 Gy. Sample results were normalized to the control.
The results represent the mean ± SD of at least three experiments and have a signi�cance of 95%. (d)
Clonogenic cell proliferation in breast cell lines irradiated with dose 2 Gy. (a) MCF-10A. (b) MCF-7. (c)
MDA-MB-231. The results represent the mean ± SD of at least three experiments and have the
signi�cance of P<0.0001 (***), P <0.001 (*), as compared to the respective non-irradiated control.
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Figure 2

Evaluation of EMT markers, by Western blotting, of the non-tumor, MCF-10A, and tumor cells, MCF-7 and
MDA-MB-231, at 72 h after irradiation with 2 Gy. (a) Representation of the bands for the E-cadherin,
vimentin, and tubulin proteins. For each cell line, the �rst lane is the non-irradiated control cells, the
second is from cells irradiated with 2 Gy. Densitometry was used to determine the relationship between
the expression of (b) E-cadherin and tubulin, and (c) vimentin and tubulin. The results represent the mean
+ SD of at least three experiments and indicate signi�cance of P <0.0001 (****).
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Figure 3

Individual cell invasion. The MCF-10A (a), MCF-7 (b), and MDA-MB-231 (c) breast epithelial cells were
irradiated with 2 Gy, and after 72 h the invasion was evaluated using a Boyden chamber. The results
represent the mean ± SD of at least three experiments indicate signi�cance of P <0.0001 (**).
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Figure 4

Evaluation of collagenolytic activities compatible with MMP2 and MMP9 metalloproteases. The breast
epithelial cells, MCF-10A, MCF-7, and MDA-MB-231 were irradiated with 2 Gy and after 72 h were
evaluated by zymography. (a) Representation of the bands for molecular weights compatible with the
metalloproteases MMP2 and MMP9. An area of degradation of the control was considered to be 100%
and the relative expression of MMP9 was determined by densitometry for (b) MCF-10A, (c) MCF-7, and (d)
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MDA-MB-231. The results represent the mean + SD of at least three experiments indicate signi�cance of
P <0.0001 (****).

Figure 5

Transendothelial migration assay with the tumoral breast lineage MDA-MB-231 irradiated with dose 2 Gy.
The results represent the mean + SD of at least three experiments indicate signi�cance of P <0.05 (*) and
P <0.0001 (****).


