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Abstract

:

DNA repair (DNA damage) foci observed 24 h and later after irradiation are called “residual” in the literature. They are believed to be the repair sites for complex, potentially lethal DNA double strand breaks. However, the features of their post-radiation dose-dependent quantitative changes and their role in the processes of cell death and senescence are still insufficiently studied. For the first time in one work, a simultaneous study of the association of changes in the number of residual foci of key DNA damage response (DDR) proteins (γH2AX, pATM, 53BP1, p-p53), the proportion of caspase-3 positive, LC-3 II autophagic and SA-β-gal senescent cells was carried out 24–72 h after fibroblast irradiation with X-rays at doses of 1–10 Gy. It was shown that with an increase in time after irradiation from 24 h to 72 h, the number of residual foci and the proportion of caspase-3 positive cells decrease, while the proportion of senescent cells, on the contrary, increases. The highest number of autophagic cells was noted 48 h after irradiation. In general, the results obtained provide important information for understanding the dynamics of the development of a dose-dependent cellular response in populations of irradiated fibroblasts.
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1. Introduction


The study of the dose–response relationships is imperative in radiation therapy to assess the mechanisms of organ and tissue response to ionizing radiation (IR). When patients receive radiation therapy it is necessary to evaluate the expected response level in normal tissues, since the goal is to destroy the tumor while reducing the damage to healthy normal tissues as much as possible. Usually, the dose to the tumor is determined by the tolerance of the surrounding normal tissues. It is important to know exactly which biological processes occur in tissues to infer a model that can accurately describe the normal tissue response and determine tissue tolerance in different situations. This knowledge will help to predict the quality of life after radiation therapy by estimating the probability of tumor cure and the risk of treatment related-morbidity. Modeling the response of healthy tissue to radiation has become an important domain of modern radiation therapy [1]. Radiobiological studies at the molecular and cellular levels help to uncover the damage mechanisms that operate when cells or organisms are exposed to IR. Indicators of cellular damage include identification of DNA damage, chromosome aberrations, cell survival, etc.



Among a wide range of radiation-induced DNA damage types (base modifications, abasic sites, single- and double-strand breaks, DNA–DNA and DNA–protein cross-links), double-strand breaks (DSBs) are the most critical for the further fate of an irradiated cell [2]. In response to the formation of DSBs in cells, the DNA damage response (DDR) is activated, which includes DNA repair, cell cycle arrest, programmed cell death, and loss of the cell’s ability to divide (cellular senescence). Relatively correct DSB repair by the mechanism of homologous recombination (HR) requires the presence of sister chromatid DNA as a template and, therefore, is possible only during the relatively short S and G2 phases of the cell cycle [3]. As a result, most of the DSBs in the irradiated cell are eliminated by the mechanisms of classical non-homologous end joining (NHEJ), alternative end joining (A-EJ), microhomology-mediated end joining (MMEJ) and single-strand annealing (SSA) [3,4]. As a result of incorrect DNA repair, especially by the A-EJ and MMEJ mechanisms, microstructural chromosome aberrations and various cytogenetic disturbances (stable and unstable chromosomal rearrangements, micronuclei) occur, while the impossibility of repair leads to the launch of cell death or cellular senescence mechanisms. At present, there is no doubt that incorrect DNA DSB repair, especially by the A-EJ and MMEJ mechanisms, is one of the main causes of genome instability, carcinogenesis, and aging [5,6,7].



DDR is a complex process involving dozens of proteins, differentiated by their functions into sensors, transducers, mediators and effectors. The DDR signal has the ability to be amplified. For example, such a DSB sensor as MRE11/RAD50/NBS1 (MRN) activates the transducer kinase ATM (ataxia telangiectasia mutated), inducing its autophosphorylation, ATM, in turn, rapidly phosphorylates the core histone H2AX, facilitating chromatin binding with the mediator of damage-checkpoint 1 (MDC1) [3]. MDC1 interacts with MRE11 and the cycle repeats. As a result, in the chromatin regions flanking the DSB, complex dynamic microstructures are formed, consisting of proteins involved in DDR with different copy numbers (up to several thousand copies). With immunocytochemical staining, such protein microstructures, which are called DNA damage or DNA repair foci in the literature, are easily visualized with microscopy [8,9]. The patterns of formation and elimination of radiation-induced foci of the phosphorylated histone H2AX (γH2AX) [10,11], phosphorylated ATM (pATM) [12,13] and the mediator protein—p53 binding protein 1 (53BP1) [14,15]—have been particularly well studied, whereas the works devoted to the analysis of radiation-induced foci of phosphorylated effector protein p53 (p-p53) are rare [16]. The kinetics of post-radiation changes in the amount of DNA repair foci differ significantly depending on the cell type, cell cycle phase, linear IR energy transfer, irradiation regimen and dose. In the case of human fibroblasts singly irradiated with X-rays at doses of 100–1000 mGy, the maximum number of γH2AX foci is observed 30–60 min after irradiation, followed by their decrease by ~50% within 4–6 h, and after 24 h they decrease by up to 85–95% of the amount recorded at the maximum point [17]. DNA repair foci observed 24 h and later after irradiation are called “residual” in the literature [18]. They are believed to be the repair sites for complex, potentially lethal DNA DSBs [19,20,21,22,23]. It has been shown that an increase in the number of residual foci is associated with a decrease in colony-forming ability [23]. The reason for the decrease in clonogenic growth and survival is not only cell death, but mainly the loss of the ability to divide due to cellular senescence. However, the features of their post-radiation quantitative changes and their role in the processes of cell death and senescence have not been sufficiently studied yet.



The aim of this work was to investigate the relationship between the changes in the number of residual DNA repair foci of key DDR proteins (γH2AX, pATM, 53BP1, p-p53) and the fractions of senescent, caspase-3 positive and autophagic cells in human fibroblasts 24, 48 and 72 h after exposure to X-rays at doses of 1–10 Gy. The results of this study will help us to move forward in modelling the response of healthy cells to IR.




2. Materials and Methods


2.1. Cell Culture


Human dermal fibroblasts (Cell Applications, San Diego, CA, USA, Catalog Number: 106K-05a) were cultured in DMEM culture medium with high glucose content (4.5 g/L) (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 2 mmol/L L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA), 100 U/mL penicillin, 100 μg/mL streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) and 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA). Cell cultivation was performed under the standard conditions of a CO2-incubator (37 °C, 5% CO2, saturated humidity). For irradiation experiments, cells of the 5–7th passages were used.



Prior to irradiation, the cells were seeded at a density of 0.4 × 105 cells/mL in 2.5 mL of culture medium onto coverslips (Thermo Fisher Scientific, Waltham, MA, USA) placed inside 35 mm Petri dishes (Corning, New York, NY, USA) and incubated at 37 °C and 5% CO2 for 20 h. Cells were irradiated in the phase of exponential growth (cell population density ~60%).




2.2. Irradiation


Cells were irradiated using a RUB RUST-M1 X-ray unit (Diagnostika-M LLC, Moscow, Russia) equipped with two X-ray emitters at a dose rate of 0.85 Gy/min (voltage of 200 kV, an anode current of 2 × 5 mA, and a 1.5 mm Al filter). After irradiation, cells were incubated under the standard conditions of a CO2 incubator (37 °C, 5% CO2) for 24, 48 and 72 h.




2.3. Immunocytochemistry


Cells were fixed on coverslips in 4% paraformaldehyde in PBS (pH 7.4) for 20 min at room temperature followed by two rinses with PBS and permeabilization in 0.3% Triton-X100 (in PBS, pH 7.4) supplemented with 5% goat serum to block non-specific antibody binding for 60 min. Cells were then incubated overnight at 4 °C with primary rabbit monoclonal antibodies against γH2AX (phospho S139) (dilution 1:800, clone EP854(2)Y, Abcam, Waltham, MA, USA), or primary mouse monoclonal antibodies against 53BP1 (dilution 1:400 clone BP13, Merck-Millipore, Burlington, VT, USA), or primary mouse monoclonal antibodies against phosphorylated ATM (phospho S1981) protein (dilution 1:200, clone 10H11.E12, Abcam, Waltham, MA, USA), or primary mouse monoclonal antibodies against phospho-p53 (Ser15) (16G8) (dilution 1:400, Cell signaling, Danvers, MA, USA), or primary mouse monoclonal antibodies against Ki-67 protein (dilution 1:400, clone Ki-S5, Merck-Millipore, Burlington, VT, USA) or primary rabbit polyclonal antibody against LC3B-I/II proteins (dilution 1:400, cat. # ABC929, Merck-Millipore, Burlington, VT, USA) or primary rabbit monoclonal antibodies against cleaved caspase-3 (dilution 1:400, cat. # 9664, Cell signaling, Danvers, MA, USA), which were diluted in PBS with 1% bovine serum albumin (BSA). After several rinses with PBS, cells were incubated for 1 h with secondary antibodies IgG (H + L) goat anti-mouse (Alexa Fluor 488 conjugated, 1:1600; Abcam, Waltham, MA, USA) or goat anti-rabbit IgG H&L (Alexa Fluor® 555) goat anti-rabbit dilution 1:1600; Abcam, Waltham, MA, USA) and diluted in PBS (pH 7.4) with 1% BSA. Coverslips were then rinsed several times with PBS and mounted on microscope slides with ProLong Gold medium (Life Technologies, Carlsbad, SA, USA) with DAPI for DNA counterstaining. Cells were viewed and imaged using Nikon Eclipse Ni-U microscope (Nikon, Tokyo, Japan) equipped with a high-definition camera ProgRes MFcool (Jenoptik AG, Jena, Germany). We used filter sets UV-2E/C (340–380 nm excitation and 435–485 nm emission), B-2E/C (465–495 nm excitation and 515–555 nm emission) and Y-2E/C (540–580 nm excitation and 600–660 nm emission). A total of 300–400 cells were imaged for each data point. Foci were enumerated by manual scoring and using DARFI software (http://github.com/varnivey/darfi; accessed on 19 September 2016). Representative raw microphotographs of immunocytochemically stained control and 10 Gy irradiated fibroblasts are presented in Figure S1. The proportions of Ki67 negative and LC3-II or caspase-3 positive cells were counted manually (300 cells per data point).




2.4. Analysis of Senescence Associated β-galactosidase Positive Cells


To quantify the proportion of senescence associated β-galactosidase positive (SA-β-gal+) cells, the commercial kit “Cellular Senescence Assay” (EMD Millipore, Burlington, VT, USA, Catalog Number: KAA002) was used. The cells were stained according to supplemented manufacturer protocol with the following modification: at the final PBS washing step, the cell nuclei were stained with 1 μg/mL Hoechst 33342 (Molecular Probes, Eugene, OR, USA). Such modification significantly improves the quality of counting of β-galactosidase negative cells [24,25]. The stained cells were visualized using Excitation/Emission Interference Filters (CKX-U: 340–380 nm/435–485 nm) on the inverted fluorescent microscope Olympus CKX 41 SF (Olympus, Tokyo, Japan) equipped with Infinity 3-1 (Lumenera Copr., Ottawa, Canada) camera and 20× objective. The proportions of SA-β-gal+ cells were counted manually (300 cells per each data point).




2.5. Statistical Analysis


Statistical and mathematical analyses of the data were conducted using the Statistica 8.0 software (StatSoft). The results are presented as means of three independent experiments ± standard error (SE). Statistical significance was tested using the Student’s t-test and Mann–Whitney U Test.





3. Results


3.1. Dose and Post-Irradiation Tim- Dependent Changes in the Residual Foci of DNA Damage Response Proteins


Post-irradiation changes in the number of residual γH2AX foci in fibroblasts are depicted in Figure 1. It was shown that the number of residual γH2AX foci in irradiated cells depends linearly on the absorbed dose of X-ray radiation. The dose–response relationships are approximated by linear equations, where y is the number of γH2AX foci, x is the dose in Gy: y = 1.76x + 1.50 (R2 = 0.96), y = 1.13x + 0.71 (R2 = 0.99) and y = 0.92x + 0.65 (R2 = 0.99), 24, 48 and 72 h after irradiation, respectively (Figure S2a). The slope shows the change in the number of foci per unit of dose. The most significant decrease (~1.6 times) in the quantitative yield of residual γH2AX foci occurs in the period from 24 to 48 h after irradiation. After that, from 48 to 72 h, the quantitative yield of residual foci decreases less significantly (~1.2 times). In the period from 24 to 72 h, the quantitative yield of residual foci decreases by ~1.9 times.



Figure 2 presents post-radiation changes in the number of residual pATM foci. The dose–response relationships are approximated by linear equations, where y is the number of pATM foci, x is the dose in Gy: y = 0.99x + 0.47 (R2 = 0.97), y = 0.90x + 0.27 (R2 = 0.98) and y = 0.62x + 0.36 (R2 = 0.99), 24, 48 and 72 h after irradiation, respectively (Figure S2b). It can be seen that in the period from 24 to 72 h after irradiation, there is a significant (~1.6 times) decrease in the quantitative yield of residual foci.



Figure 3 presents post-radiation changes in the number of residual 53BP1 foci. The dose–response relationships are approximated by linear equations, where y is the number of 53BP1 foci, x is the dose in Gy: y = 1.31x + 1.05 (R2 = 0.97), y = 0.97x + 0.61 (R2 = 0.99) and y = 0.76x + 0.45 (R2 = 0.99), 24, 48 and 72 h after irradiation, respectively (Figure S2c). In the period from 24 to 72 h, a decrease in the number of residual foci by ~1.7 times is noted.



Figure 4 presents post-radiation changes in the number of p-p53 residual foci.



The dose–response relationships are approximated by linear equations, where y is the number of p-p53 foci, x is the dose in Gy: y = 0.90x + 0.67 (R2 = 0.86), y = 0.76x + 0.34 (R2 = 0.91) and y = 0.58x + 0.27 (R2 = 0.97), 24, 48 and 72 h after irradiation, respectively (Figure S2d). As in the case of residual γH2AX, pATM, and 53BP1 foci, with increasing time after irradiation, the quantitative yield of p-p53 foci decreases (from 24 to 72 ~ 1.6 times).



Table A1 shows the quantitative yield of residual foci per unit of absorbed dose (foci/cell/Gy) obtained using regression analysis of dose curves.




3.2. Colocalization of pATM, 53BP1 and p-p53 Foci with γH2AX Foci


Dose-dependent changes in the number of pATM, 53BP1 and p-p53 foci colocalized with γH2AX foci are shown in Figure 5.



The obtained “dose-effect” dependences are close to those obtained by counting foci without taking into account co-localization with γH2AX. However, the quantitative yield of colocalized foci was somewhat lower (Table A2). Furthermore, 24 h after irradiation, ~65–70% of γH2AX foci were colocalized with 53BP1 foci, whereas after 48 and 72 h it was about 70–80%.



The pattern of changes in the proportion of colocalized γH2AX foci with pATM and p-p53 foci was similar. 24 h after irradiation only 45–50% of γH2AX foci were colocalized with pATM or p-p53, but with a decrease in proliferative activity 48 and 72 h after irradiation, up to 60–70% of γH2AX foci were colocalized with pATM or p-p53 foci.




3.3. Dose and Post-Irradiation Time-Dependent Changes in the Senescent Cell Proportion


The senescence associated β-galactosidase (SA-β-gal) staining analysis was performed (Figure 6) to evaluate the senescent cell proportion changes in irradiated cells. This enzyme is commonly used as a marker of cellular senescence since its expression is substantially elevated in senescent cells [24,26].



It was shown that exposure to X-ray radiation at doses of 1–10 Gy leads to a dose-dependent increase in the proportion of senescent SA-β-gal positive cells (Figure 6) as early as 24 h after exposure. With an increase in the time of post-radiation incubation of cells up to 72 h, the proportion of senescent fibroblasts also increased. However, a statistically significant increase was noted only for the cells irradiated at doses of 1 and 2 Gy (Figure 6). Dose–response relationships 24 and 48 h after irradiation can be approximated by linear equations, where y is the proportion of SA-β-gal positive cells, x is the dose in Gy: y = 2.84x + 16.32 (R2 = 0.85) and y = 2.94x + 17.75 (R2 = 0.88), respectively. After 72 h, a linear increase in the proportion of SA-β-gal positive cells was noted at doses up to 2 Gy, after which a “saturation” effect was observed (Figure 6).




3.4. Dose and Post-Irradiation Time–Dependent Changes in the Ki-67 Negative Cell Fraction and Differential Scoring of γH2AX Foci in the Ki-67 Negative Cells


Figure 7 shows the results of the proportion of Ki-67 negative cells in populations of control and irradiated fibroblasts. The Ki-67 protein is expressed in cells during interphase (with a maximum in the S and G2 phases) and mitosis (M) and is practically absent in resting and senescent cells [27,28]. Ki-67 has been shown to be involved in ribosome biogenesis, heterochromatin organization and mitotic chromosome segregation [28,29].



Analysis of changes in the proportion of Ki-67-negative cells (Ki-67-) in the control group showed that with an increase in the incubation time, their number increases due to the growth of the cell population and contact inhibition of proliferation (Figure 7). Notably, the cells were seeded in Petri dishes 24 h before irradiation, that is, 48, 72, and 96 h passed for the control cell populations. By 96 h of incubation, cells stop exponential growth and stop dividing. Irradiation of cells causes a dose-dependent decrease in proliferative activity (Figure 7) due to the arrest of the cell cycle and loss of the ability to divide due to radiation-induced senescence. The most pronounced effect was observed 72 h after irradiation (Figure 7). A linear increase in the proportion of Ki-67 negative cells after irradiation was noted at doses up to 5 Gy at 24 and 48 h and up to 2 Gy at 72 h, after which a “plateau” effect was observed (Figure 7). In cells irradiated at a dose of 10 Gy, there is practically no proliferative activity. In general, the results obtained correlate well with changes in the proportion of SA-β-gal positive cells in the populations of irradiated fibroblasts.



It was interesting to analyze γH2AX foci only in resting (Ki-67 negative) fibroblasts. The results are presented in Figure 8. Mathematical analysis of the obtained results showed that the dose–response relationships are approximated by linear equations, where y is the number of γH2AX foci, x is the dose in Gy: y = 1.29x + 0.96 (R2 = 0.96), y= 1.04x + 0.66 (R2 = 0.99) and y = 0.92x + 0.57 (R2 = 0.99), 24, 48 and 72 h after irradiation, respectively. Thus, the quantitative yield of γH2AX foci in resting cells 24 h after irradiation was significantly lower than in the total cell population (1.29 and 1.76 foci/cell/Gy, respectively). With a decrease in proliferative activity by 72 h after irradiation, when most of the cells, especially those irradiated at doses of 5 and 10 Gy, were dormant, the numerical values of the quantitative yield no longer differed.




3.5. Dose and Post-Irradiation Time-Dependent Changes in the LC3-II Positive Cell Fraction


LC3 is a mammalian homolog of the yeast ATG8 protein, a ubiquitin-like protein that becomes lipidated and tightly associated with the autophagosomal membranes [30]. During autophagy, the cytosolic form of LC3 (LC3-I) is conjugated with phosphatidylethanolamine to form the LC3-phosphatidylethanolamine conjugate (LC3-II), which is incorporated into the membranes of the resulting autophagosomes [31]. When immunocytochemically stained for LC3-II, autophagosomes are visualized as the punctate (granular/vesicular) compartments of the cytoplasm, which makes it easy to differentiate autophagic cells.



The results of the analysis of changes in the proportion of autophagic (LC3-II positive) cells in irradiated cells are shown in Figure 9. It was shown that 24 and 48 h after irradiation there was a linear increase in the proportion of autophagic cells depending on the absorbed dose, with a maximum at 48 h. The dose–response relationships are approximated by linear equations, where y is the percent of the LC3-II positive cells, x is the dose in Gy: y = 0.98x + 3.66 (R2 = 0.87), y = 1.14x + 5.18 (R2 = 0.88), 24 and 48 h after irradiation, respectively. Following 72 h after irradiation, the proportion of autophagic cells decreases compared to the values at 48 h, and statistically significant differences compared to the control are noted only after irradiation at a dose of 10 Gy (Figure 9).




3.6. Dose and Post-Irradiation Time-Dependent Changes in the Caspase-3 Positive Cell Fraction


Effector caspase-3, belonging to the family of cysteine-aspartate proteases (caspase), is widely known primarily due to its important role in the process of cell death through apoptosis [32]. However, the functions of caspase-3 are much wider, in particular, it is important for the regulation of autophagy processes [33] and the balance between the processes of cell death and aging [34]. According to recent data, caspase-3 cleavage of specific target proteins also regulates cell cycle progression, differentiation, and tumorigenesis [35]. Therefore, it was important to study changes in the proportion of caspase-3 positive cells in populations of irradiated fibroblasts.



As can be seen from the results presented in Figure 10, a dose-dependent increase in caspase-3 positive cells was noted only 24 h after irradiation. At 48 and 72 h after irradiation at doses of 1 and 2 Gy, the proportion of caspase-3 positive cells changed insignificantly, while after irradiation at doses of 5 and 10 Gy, a pronounced decrease in the proportion of caspase-3 positive cells was noted (Figure 10). That is, at these time points, the change in the proportion of caspase-3 positive cells depended non-linearly on the radiation dose.




3.7. Correlation and Clustering Analysis


Table A3 presents the results of the correlation analysis between all the studied indicators.



It was shown that 24 h after irradiation, a statistically significant positive correlation was noted for almost all the parameters studied, with the exception of the correlation between the number of γH2AX, 53BP1 foci and pATM shares of caspase-3 positive cells (Table A3). It is interesting to note that there is a significant correlation between the number of p-p53 effector protein foci and the proportion of caspase-3 positive cells.



Further, 48 h after irradiation, the correlation matrix changed significantly: (1) there was no significant correlation between the proportion of caspase-3 positive cells and other studied parameters; (2) there was no significant correlation between the number of γH2AX/53BP1 foci and the proportion of resting Ki-67 negative cells (Table A3).



Even more significant changes in the correlation matrix were observed 72 h after irradiation: (1) there was still no significant correlation between the proportion of caspase-3 positive cells and other studied parameters, moreover, the coefficients decreased even more and for DDR foci there was even a tendency to a negative correlation; (2) the proportion of Ki-67 negative cells significantly correlated only with the proportion of LC3-II and SA-β-gal positive cells; (3) the proportion of senescent SA-β-gal positive cells correlated only with the number of p-p53 foci, as well as the proportion of LC3-II positive and the proportion of Ki-67 negative cells (Table A3).



To understand the overall picture of the relationship between changes in the studied indicators, it seemed interesting to conduct a cluster analysis with the construction of a hierarchical cluster tree. It has been shown that the most similar are changes in the number of foci of DRR proteins with the following hierarchy in order of increasing linkage distance: (1) pATM and p-p53; (2) pATM, p-p53 and 53BP1; (3) pATM, p-p53, 53BP1 and γH2AX (Figure 11). The following branches were identified at the following levels: (4) foci of DDR and caspase-3 proteins; (5) DDR proteins, caspase 3 and LC3-II; (6) foci of DDR, caspase 3 and LC3-II proteins; (7) foci of DDR, caspase 3, LC3-II, and SA-β-gal proteins (Figure 11). The resulting cluster tree visually demonstrates the development of a cell response to irradiation 24–72 h after fibroblast irradiation at doses of 1–10 Gy: unrepaired and complex DNA damage induces DDR, which primarily induces cell death through the mechanisms of apoptosis and autophagy with a progressive switch to a senescent state.





4. Discussion


In the course of our work, for the first time, a simultaneous study of dose–response dependences and post-radiation changes in the residual foci of proteins, representing all the main functional classes of DDR proteins (sensors, transducers, mediators and effectors), was carried out in X-ray irradiated human fibroblasts. It was shown that the highest quantitative yield is observed for the γH2AX protein foci. γH2AX is an initial DSB sensor for subsequent accumulation and post-translational modification of signaling and repair proteins [36,37]. The association between γH2AX and the mediator of DNA damage checkpoint protein 1 (MDC1) is one of the first phases during which the DSB is arranged for DNA damage signaling and repair [38,39]. To this initial step, several other signaling and repair proteins, such as 53BP1 and the breast cancer gene protein 1 (BRCA1), accumulate at DSBs with the intervention of γH2AX [39,40]. Transducer protein ATM, autophosphorylated immediately upon DSB formation (pATM), is the main kinase phosphorylating H2AX [41]. In addition to ATM, this histone is phosphorylated by other kinases of the phosphatidylinositol 3-kinases ataxia telangiectasia and Rad3-related (ATR) and DNA-dependent protein kinase catalytic subunit (DNA-PKcs) family [42,43]. However, unlike the ATM and DNA-PKcs kinases, the ATR kinase is activated in response to the formation of not only true DSBs, but upon the appearance of single-stranded DNA regions, for example, the formation of DSBs with sticky ends as a result of the collapse of the replication fork [44]. Unlike DNA DSBs directly induced by radiation, S-phase replication errors typically result in single-stranded DNA lesions and the formed single-ended DSBs are processed by homologous recombination [45,46]. The quantitative yield of radiation-induced residual pATM foci 24 h after irradiation was approximately 1.8 times lower than the quantitative yield of residual γH2AX foci. It can be assumed that some of the observed γH2AX foci at this time point are the repair sites for single-ended DSBs resulting from the collapse of replication forks. This assumption is confirmed by the fact that that the quantitative yield of γH2AX foci in Ki-67 negative resting cells 24 h after irradiation was significantly lower than in the total cell population (1.29 and 1.76 foci/cell/Gy, respectively).



Another important protein involved in DDR is the mediator protein 53BP1. Although 53BP1 was discovered and named based on its interaction with p53, 53BP1 has been most thoroughly characterized in terms of its role at broken DNA ends where it recruits effector proteins to mediate DSB repair [47]. The C-terminal region of 53BP1 contains two carboxyterminal (BRCT) domains of BRCA1, which interact with p53 and γH2AX, which is important for DSB repair in heterochromatin [48]. 53BP1, together with the RAP1-interacting factor (RIF1) and the Pax2 transactivation domain-interacting protein, has been shown to promote NHEJ selection and to inhibit HR [49,50]. The quantitative yield of residual 53BP1 foci was lower than that of γH2AX foci (~1.3–1.4 times after 24 h and ~1.1–1.2 times 48 and 72 h after irradiation). By, 24 h after irradiation, ~70–75% of γH2AX foci were colocalized with 53BP1 foci, whereas after 48 and 72 h it was about 80–90%.



The next studied protein was the effector protein p53 phosphorylated at Serine 15. Serine 15 is the primary target of the DDR on the p53 protein and is phosphorylated by both the ATM and ATR protein kinases [51,52]. Unlike p53 phosphorylation at Serine 46, which plays an important role in apoptosis, p53 phosphorylation at Serine 15 leads to cell cycle arrest. [53] ATM-mediated phosphorylation of p53 and checkpoint kinase 2 (CHK2) leads to a series of G1 and G2 cell cycle checkpoints that act together in preventing genomic instability following DNA damage [16,54]. It was shown that the quantitative yield of residual foci of p-p53 and pATM as well as the percent of colocalization with γH2AX foci are similar.



In general, according to the quantitative yield of residual foci, the studied proteins can be arranged in descending order γH2AX > 53BP1 > pATM ≥ p-p53. With an increase in time after irradiation from 24 to 72 h, the number of residual foci of all studied proteins decreases. The decrease in the number of residual foci can be explained by several parallel processes: the elimination of highly damaged cells through the mechanisms of apoptosis, autophagy, etc.; the completion of the DNA repair process; and, finally, a decrease in the proliferative activity of cells, accompanied by a decrease in the amount of replicative DNA damage.



X-ray exposure also led to a dose-dependent increase in the proportion of caspase-3, LC3-II, SA-β-gal positive and Ki-67 negative fibroblasts 24 h after irradiation at doses of 1-10 Gy. By 72 h after irradiation, the proportion of dying (caspase-3 and LC3-II) positive cells decreases, while the proportion of senescent cells, on the contrary, increases. Irradiated cells, in response to the formation of DNA DSBs, activate cell cycle control points via the ATM/ATR signaling pathway, causing a delay or arrest of the cell cycle at certain phases, allowing time for DNA repair. Activated forms of ATM/ATR regulate the activation of cell cycle checkpoints associated with cell death and senescence, mainly through p53, CHK1 and CHK2 with the participation of p21, p16 and Rb [55]. Interestingly, the largest proportion of caspase-3 positive cells was noted 24 h after irradiation, and the proportion of LC3-II positive cells after 48 h. That is, a decrease in caspase-3 positive cells after 48 h is accompanied by an increase in the proportion of LC3-II positive cells, which suggests that damaged cells are quickly eliminated by apoptosis, while autophagic cell death progresses slower as the accumulated damages cannot be cleared by the cell. Also noteworthy is the fact that 48–72 h after irradiation, the proportion of caspase-3 cells did not correlate with any of the studied parameters (Table A2).



Figure 12 presents a 3D Surface Plot to show how the proportion of SA-β-gal+ cells varies with changes in the proportion of caspase-3 and LC3 positive cells. It is noteworthy that senescence and autophagy act as partners, reinforcing each other and acting in opposition to apoptosis (Figure 12).



Autophagy and apoptosis are known to cross-regulate each other through a complex network of relationships that also includes interactions between autophagy-related proteins and caspases [33]. A decrease in the activity of caspase-3, which is involved in the cleavage of various autophagy-related proteins (Atgs) [56], 48 h after irradiation, apparently promotes the process of autophagy. It is interesting that replicatively senescent fibroblasts are resistant to apoptotic death, associated with a lack of caspase-3 [57]. We have previously shown that the transcriptome of replicatively aged fibroblasts is similar to the transcriptome of the cells irradiated with 2 Gy [58]. Recent studies have shown that autophagy may conversely promote cellular senescence by facilitating the synthesis of secretory proteins associated with aging [59]. Autophagy is activated during senescence and its activation is correlated with negative feedback in the PI3K-mammalian target of rapamycin (mTOR) pathway [60]. The proportion of autophagic cells correlated with the proportion of senescent cells up to 72 h after irradiation. It is known that cell death, as well as senescence, are mechanisms of protection of normal cells from oncotransformation [61,62]. In the first case, severely damaged, potentially dangerous cells are eliminated, and in the second, they lose their ability to divide. Here natural questions arise. Why not eliminate all severely damaged cells? After all, senescent cells secrete senescence-associated phenotype factors that can amplify cellular senescence, alter the microenvironments, and even provoke oncogenesis [63,64]. Is there any biological sense in maintaining the viability of senescent cells? Recently, on the contrary, evidence has begun to appear that the use of senolytics (substances that remove senescent cells) or senostatics (substances that inhibit paracrine signaling of senescent cells) can reduce damage to normal tissues [63]. However, the question remains open and requires careful study.




5. Conclusions


In conclusion, the studies emphasize the important role of DSBs that are difficult to repair in initiating the process of radiation-induced cell death and senescence. For the first time in one work, a simultaneous study of the association of changes in the residual foci of key DDR proteins, the proportion of caspase-3 positive, autophagic and senescent cells was carried out 24–72 h after fibroblast irradiation at doses of 1–10 Gy. It was shown that with an increase in time after irradiation from 24 h to 72 h, the number of residual foci and the proportion of caspase-3 positive cells decrease, while the proportion of senescent cells, on the contrary, increases. The highest number of autophagic cells was noted 48 h after irradiation. According to the quantitative yield of residual foci, the studied proteins can be arranged in descending order γH2AX > 53BP1 > pATM ≥ p-p53. Of particular interest are the results of the analysis of p-p53 (Serine 15) foci obtained by us for the first time on irradiated fibroblasts. This is the only DDR protein studied, the number of foci of which significantly correlated with the proportion of caspase-3 positive cells 24 h after irradiation, and 72 h after irradiation with the proportion of SA-β-gal positive cells. That is, p-p53 (Serine 15) residual foci potentially have the greatest prognostic value in assessing the fate of irradiated cells. In general, the results obtained provide important information for understanding the dynamics of the development of a dose-dependent cellular response in irradiated fibroblast populations 24–72 hours after irradiation. This study highlights the pathways of radiation-induced damage of normal tissue cells located in the path of IR. A thorough understanding of these mechanisms is required to identify molecular targets to develop radioprotection strategies for normal tissue cells. The quantitative “dose-effect” patterns obtained by us are also extremely important for the further development and improvement of radiation biodosimetry.
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Table A1. The yield of residual foci of DNA damage response proteins per unit of absorbed dose (foci/cell/Gy) 24, 48 and 72 h after X-ray exposure.






Table A1. The yield of residual foci of DNA damage response proteins per unit of absorbed dose (foci/cell/Gy) 24, 48 and 72 h after X-ray exposure.





	
Protein

	
Time after X-ray Exposure, h




	
24

	
48

	
72






	
γH2AX

	
1.76 ± 0.20

	
1.13 ± 0.07

	
0.92 ± 0.05




	
pATM

	
0.99 ± 0.10

	
0.90 ± 0.07

	
0.62 ± 0.04




	
53BP1

	
1.31 ± 0.13

	
0.97 ± 0.05

	
0.76 ± 0.03




	
p-p53

	
0.90 ± 0.21

	
0.76 ± 0.14

	
0.58 ± 0.06
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Table A2. The yield of pATM, 53BP1 and p-p53 foci colocalized with γH2AX foci per unit of absorbed dose (foci/cell/Gy) 24, 48 and 72 h after X-ray exposure.






Table A2. The yield of pATM, 53BP1 and p-p53 foci colocalized with γH2AX foci per unit of absorbed dose (foci/cell/Gy) 24, 48 and 72 h after X-ray exposure.





	
Protein

	
Time after X-ray Exposure, h




	
24

	
48

	
72






	
pATM

	
0.88 ± 0.08

	
0.82 ± 0.04

	
0.57 ± 0.04




	
53BP1

	
1.20 ± 0.12

	
0.89 ± 0.05

	
0.69 ± 0.03




	
p-p53

	
0.80 ± 0.13

	
0.73 ± 0.08

	
0.51 ± 0.04
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Table A3. Correlation matrices for the investigated endpoints at 24, 48 and 72 h after X-ray exposure.
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γH2AX

	
53BP1

	
pATM

	
p-p53

	
caspase-3

	
LC3-II

	
SA-β-gal

	
Ki-67




	
24 h






	
γH2AX

	
-

	
0.998 *

	
0.998 *

	
0.983 *

	
0.877

	
0.952 *

	
0.939 *

	
0.928 *




	
53BP1

	
0.998 *

	
-

	
0.999 *

	
0.977 *

	
0.853

	
0.950 *

	
0.926 *

	
0.913 *




	
pATM

	
0.998 *

	
0.999 *

	
-

	
0.978 *

	
0.872

	
0.963 *

	
0.941 *

	
0.929 *




	
p-p53

	
0.983 *

	
0.977 *

	
0.978 *

	
-

	
0.889 *

	
0.944 *

	
0.920 *

	
0.914 *




	
caspase-3

	
0.877

	
0.853

	
0.872

	
0.889 *

	
-

	
0.934 *

	
0.976 *

	
0.984 *




	
LC3-II

	
0.952 *

	
0.950 *

	
0.963 *

	
0.944 *

	
0.934 *

	
-

	
0.974 *

	
0.972 *




	
SA-β-gal

	
0.939 *

	
0.926 *

	
0.941 *

	
0.920 *

	
0.976 *

	
0.974 *

	
-

	
0.999 *




	
Ki-67

	
0.928 *

	
0.913 *

	
0.929 *

	
0.914 *

	
0.984 *

	
0.972 *

	
0.999 *

	
-




	
48 h




	
γH2AX

	
-

	
0.998 *

	
0.996 *

	
0.970 *

	
0.218

	
0.938 *

	
0.916 *

	
0.851




	
53BP1

	
0.998 *

	
-

	
0.991 *

	
0.956 *

	
0.200

	
0.923 *

	
0.909 *

	
0.837




	
pATM

	
0.996 *

	
0.991 *

	
-

	
0.984 *

	
0.286

	
0.964 *

	
0.940 *

	
0.889 *




	
p-p53

	
0.970 *

	
0.956 *

	
0.984 *

	
-

	
0.312

	
0.972 *

	
0.932 *

	
0.901 *




	
caspase-3

	
0.218

	
0.200

	
0.286

	
0.312

	
-

	
0.513

	
0.569

	
0.682




	
LC3-II

	
0.938 *

	
0.923 *

	
0.964 *

	
0.972 *

	
0.513

	
-

	
0.976 *

	
0.970 *




	
SA-β-gal

	
0.916 *

	
0.909 *

	
0.940 *

	
0.932 *

	
0.569

	
0.976 *

	
-

	
0.984 *




	
Ki-67

	
0.851

	
0.837

	
0.889 *

	
0.901 *

	
0.682

	
0.970 *

	
0.984 *

	
-




	
72 h




	
γH2AX

	
-

	
0.997 *

	
0.994 *

	
0.974 *

	
−0.143

	
0.970 *

	
0.827

	
0.799




	
53BP1

	
0.997 *

	
-

	
0.990 *

	
0.979 *

	
−0.150

	
0.965 *

	
0.835

	
0.790




	
pATM

	
0.994 *

	
0.990 *

	
-

	
0.988 *

	
−0.063

	
0.981 *

	
0.866

	
0.854




	
p-p53

	
0.974 *

	
0.979 *

	
0.988 *

	
-

	
−0.036

	
0.966 *

	
0.895 *

	
0.864




	
caspase-3

	
−0.143

	
−0.150

	
−0.063

	
−0.036

	
-

	
0.102

	
0.397

	
0.449




	
LC3-II

	
0.970 *

	
0.965 *

	
0.981 *

	
0.966 *

	
0.102

	
-

	
0.926 *

	
0.908 *




	
SA-β-gal

	
0.827

	
0.835

	
0.866

	
0.895 *

	
0.397

	
0.926 *

	
-

	
0.962 *




	
Ki-67

	
0.799

	
0.790

	
0.854

	
0.864

	
0.449

	
0.908 *

	
0.962 *

	
-








* correlations are significant at p < 0.05.
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Figure 1. (a) Dose–dependent changes in the number of residual γH2AX foci in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05; ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control; (b) Representative microphotographs of immunocytochemically stained control and 10 Gy irradiated cells (24 h) showing nucleus (blue) and foci (red). 
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Figure 2. (a) Dose-dependent changes in the number of residual pATM foci in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control; (b) Representative microphotographs of immunocytochemically stained control and 10 Gy irradiated cells (24 h) showing nucleus (blue) and foci (green). 






Figure 2. (a) Dose-dependent changes in the number of residual pATM foci in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control; (b) Representative microphotographs of immunocytochemically stained control and 10 Gy irradiated cells (24 h) showing nucleus (blue) and foci (green).
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Figure 3. (a) Dose-dependent changes in the number of residual 53BP1 foci in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control; (b) Representative microphotographs of immunocytochemically stained control and 10 Gy irradiated cells (24 h) showing nucleus (blue) and foci (green). 






Figure 3. (a) Dose-dependent changes in the number of residual 53BP1 foci in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control; (b) Representative microphotographs of immunocytochemically stained control and 10 Gy irradiated cells (24 h) showing nucleus (blue) and foci (green).
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Figure 4. (a) Dose-dependent changes in the number of residual p-p53 foci in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control; (b) Representative microphotographs of immunocytochemically stained control and 10 Gy irradiated cells (24 h) showing nucleus (blue) and foci (green). 






Figure 4. (a) Dose-dependent changes in the number of residual p-p53 foci in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control; (b) Representative microphotographs of immunocytochemically stained control and 10 Gy irradiated cells (24 h) showing nucleus (blue) and foci (green).
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Figure 5. Dose-dependent changes in the number of pATM (a), 53BP1 (b) and p-p53 (c) foci colocalized with γH2AX foci in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05 and ** p < 0.01—compared with the corresponding time of control. 






Figure 5. Dose-dependent changes in the number of pATM (a), 53BP1 (b) and p-p53 (c) foci colocalized with γH2AX foci in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05 and ** p < 0.01—compared with the corresponding time of control.
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Figure 6. (a) Dose-dependent changes in the senescent cell (SA-β-gal+) proportion in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control; (b) Representative image of the SA-β-gal positive cell (marked with arrow—cytoplasm colored in dark green-blue). Nuclei are counterstained with Hoechst 33342 (light blue). 






Figure 6. (a) Dose-dependent changes in the senescent cell (SA-β-gal+) proportion in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control; (b) Representative image of the SA-β-gal positive cell (marked with arrow—cytoplasm colored in dark green-blue). Nuclei are counterstained with Hoechst 33342 (light blue).
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Figure 7. (a) Dose-dependent changes in the Ki-67 negative (Ki-67-) cell fraction in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control; (b) Representative microphotograph of the immunocytochemically labeled cells with the Ki-67 antibodies (green) (Ki-67- cells are marked with the arrows). Nuclei are counterstained with DAPI (blue). 






Figure 7. (a) Dose-dependent changes in the Ki-67 negative (Ki-67-) cell fraction in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control; (b) Representative microphotograph of the immunocytochemically labeled cells with the Ki-67 antibodies (green) (Ki-67- cells are marked with the arrows). Nuclei are counterstained with DAPI (blue).
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Figure 8. Dose-dependent changes in the number of residual γH2AX foci in the Ki-67 negative human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control. 






Figure 8. Dose-dependent changes in the number of residual γH2AX foci in the Ki-67 negative human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001—compared with the corresponding time of control.
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Figure 9. (a) Dose-dependent changes in the LC3-II positive cell fraction in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05 and ** p < 0.01—compared with the corresponding time of control; (b) Representative microphotograph of the immunocytochemically labeled cells with LC3-II (LC3-II positive cell with punctate LC3-II (green) is marked with the arrow). Nuclei are counterstained with DAPI (blue). 






Figure 9. (a) Dose-dependent changes in the LC3-II positive cell fraction in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05 and ** p < 0.01—compared with the corresponding time of control; (b) Representative microphotograph of the immunocytochemically labeled cells with LC3-II (LC3-II positive cell with punctate LC3-II (green) is marked with the arrow). Nuclei are counterstained with DAPI (blue).
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Figure 10. (a) Dose-dependent changes in the caspase-3 positive cell fraction in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05 and ** p < 0.01, *** p < 0.001—compared with the corresponding time of control; (b) Representative microphotograph of the immunocytochemically labeled cells with caspase-3 (caspase-3 positive cell with punctate caspase-3 (green) is marked with the arrow). Nuclei are counterstained with DAPI (blue). 






Figure 10. (a) Dose-dependent changes in the caspase-3 positive cell fraction in human fibroblasts 24 h, 48 h and 72 h after irradiation. Data are means ± SE of three independent experiments. * p < 0.05 and ** p < 0.01, *** p < 0.001—compared with the corresponding time of control; (b) Representative microphotograph of the immunocytochemically labeled cells with caspase-3 (caspase-3 positive cell with punctate caspase-3 (green) is marked with the arrow). Nuclei are counterstained with DAPI (blue).
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Figure 11. Clustering tree for the investigated endpoints. 
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Figure 12. 3D Surface Plot of SA-β-gal against caspase-3 and LC3. 
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