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Abstract: DNA double-strand breaks (DSB) are among the most harmful DNA lesions induced by
ionizing radiation (IR). Although the induction and repair of radiation-induced DSB is well studied
for acute irradiation, responses to DSB produced by chronic IR exposures are poorly understood,
especially in human stem cells. The aim of this study was to examine the formation of DSB markers
(γH2AX and phosphorylated kinase ATM, pATM, foci) in human mesenchymal stem cells (MSCs)
exposed to chronic gamma-radiation (0.1 mGy/min) in comparison with acute irradiation (30 mGy/min)
at cumulative doses of 30, 100, 160, 240 and 300 mGy. A linear dose-dependent increase in the
number of both γH2AX and pATM foci, as well as co-localized γH2AX/pATM foci (“true” DSB),
were observed after an acute radiation exposure. In contrast, the response of MSCs to a chronic low
dose-rate IR exposure deviated from linearity towards a threshold model, for γH2AX, pATM foci
and γH2AX/pATM foci, with an indication of a “plateau”. The state of equilibrium between newly
formed DSB at a low rate during the protracted exposure time and the elimination of a fraction of DSB
is proposed as a mechanistic explanation of the non-linear DSB responses following a low dose-rate
irradiation. This notion is supported by the observation of the elimination of a substantial fraction of
DSB 6 h after the cessation of the exposures. Our results demonstrate non-linear dose responses for
γH2AX and pATM foci in human MSCs exposed to low dose-rate IR and showed the existence of a
threshold, which may have implications for radiation protection in humans.
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1. Introduction

For the estimation of long-term stochastic radiation health effects, such as cancer, and for radiation
protection purposes, a linear-non-threshold (LNT) model extrapolating the effects of high to low
doses (≤100 mGy) is applied [1]. To account for the sparring effect seen after low dose-rate exposures
(≤0.1 mGy/h), a Dose and Dose-Rate Effectiveness Factor (DDREF) of 2 is used [2]. The radiobiological
effects and underlying mechanisms triggered by acute ionizing radiation (IR) exposures have been
studied comprehensively. However, the most common IR exposure mode encountered by humans
both in the environment and occupationally is protracted or chronic low dose-rate exposure. Current
knowledge on the biological effects of such IR exposures is limited and contradictory. The effects
of acute vs. chronic IR exposure on the fundamental biological processes, such as DNA repair, cell
death, epigenetic changes, carcinogenesis, and aging are the main source of the controversies. DNA
double-strand breaks (DSB) are the most deleterious lesions elicited by IR in the DNA of eukaryotic
cells. The incorrect repair of DSB often leads to cell death or changes in a genome that can increase the
risk of cancer [3–5]. Non-homologous end joining (NHEJ) and homologous recombination (HR) are
the main pathways of DSB repair. The efficiency and accuracy of DSB repair in somatic cells after acute
and chronic IR exposures still remains contradictory [6,7]. About 70–80% of all DSB caused by sparsely
ionizing radiation are repaired by the rapid but error-prone NHEJ pathway [8]. Although dose-rate
influences the radiobiological effects and cancer risks [9], whether the efficiency and accuracy of DSB
repair depends on dose-rate is still unclear.

The studies of the effects of low-dose and low dose-rate IR exposures on DSB repair in multipotent
mesenchymal stem/stromal cells (MSCs) are of particular importance because the high proliferative
potential of MSCs creates a risk of a transmission of accumulated DNA damage and mutations to both
the self-renewed stem cell pool and the differentiated progeny of exposed cells [10,11]. Under normal
conditions, MSCs exert suppressive effects on cancer cells [12]. However, there is little doubt that
MSCs can also substantially contribute to tumor development and progression [13]. The generation of
cancer stem cells (CSCs), epithelial-to-mesenchymal transition (EMT), angiogenesis, drug resistance,
and metastasis can all be affected and mediated by MSCs due to them being a part of the tumor
microenvironment and due to their ability to migrate to the tumor site in many cancers, including
osteosarcoma [14]. Histone modifications, which are key processes in DNA damage responses, are
also involved in the generation of CSCs that are known to contribute to colonization and metastases
formation [15]. Interestingly, this can be accompanied or mediated by the mesenchymal-to-epithelial
transition (MET) of the CSCs, which has also been observed during the embryonic development [16].
Mounting evidence suggests a key role of MSCs in MET via the secretion of the hepatocyte growth
factor, which has been associated with an aggressive phenotype and poor clinical prognosis in several
types of solid tumors [17,18]. Last, since MSCs are being considered the most promising stem
cell type for future regenerative medicine therapies [19], the revealed potential of altered MSCs to
contribute to malignancies is of great concern and a limiting factor for otherwise efficient regenerative
therapies [20,21]. The key question in this regard is therefore whether low-dose rate radiation exposures
are capable of producing changes in the MSCs that can cause the transformation of stem cells into
CSCs [22]. The initial events triggering such a transformation are traditionally associated with DSB
due to their links with chromosomal instabilities or gene mutations [5].

In higher eukaryotic cells, DSBs rapidly initiate the phosphorylation of the histone H2A
variant, H2AX, at Serine 139 to generate γH2AX [23]. The ataxia telangiectasia mutated (ATM),
ataxia telangiectasia and Rad3-related (ATR) and DNA-dependent protein kinase catalytic subunit
(DNA-PKcs), members of the PIKK (phosphatidylinositol 3-kinase-like kinase) family, phosphorylate
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H2AX within a minute after irradiation [24,25]. ATM, autophosphorylated immediately upon DSB
formation (pATM), is the main kinase phosphorylating H2AX [26]. As a result of these phosphorylation
processes, thousands of γH2AX, flanking to the sites of DSB, can be visualized by immunofluorescent
methods as bright spots called “foci”. The enumeration of γH2AX and phosphoATM foci after
DNA-damaging insults has proven to be a sensitive method, not only for the evaluation of the DSB
formation, but also for the assessment of DNA repair kinetics [27–29].

The objective of this study was to assess the pattern of change in the number of γH2AX and
pATM foci in human MSCs during a continuous (up to 50 h) low dose-rate (0.1 mGy/min) γ-radiation
exposure in comparison to an acute irradiation at equivalent doses. We also assessed normalized foci
numbers per dose unit for the two exposure modes and carried out a fitting of the corresponding
dose-response data to compare the linear vs. threshold dose-response models.

2. Results

2.1. Low γH2AX Foci Yield in MSCs During Chronic Irradiation

The number of γH2AX foci in MSC nuclei was evaluated following chronic (up to 50 h, 0.1
mGy/min) and acute (up to 10 min, 30 mGy/min) γ-radiation exposures at total doses of 30, 100, 160,
240 and 300 mGy (Figure 1). The regression analysis demonstrated a linear dose-response curve
y = 2.478 + 0.021x (R2 = 0.988; where “y” is number of γH2AX foci, and “x” is the radiation dose in
mGy). The data for the chronic radiation exposure can be fitted by a linear regression y = 2.249 + 0.008x
(R2 = 0.888; where “y” is number of γH2AX foci, and “x” is the radiation dose in mGy). The differences
in the number of γH2AX foci between the irradiated and control cells were significant (p < 0.05) for all
doses of both dose rates, with the exception of 160 mGy at a dose-rate of 0.1 mGy/min.
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Figure 1. Dose-effect curves for the γH2AX foci formation in γ-irradiated MSCs. (A) Data generated 
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“hockey stick” model (threshold at 150 mGy), a linear regression with a positive slope or a liner 
regression with a nil slope. See text for details. 

In the linear regression equation used for the data fitting (y = a + bx), the coefficient “b” reflects 
a slope of the dose-response curve or the effect per dose unit. It is clearly seen from Figure 1 that the 
effect per dose unit for the induction of γH2AX foci is higher for acute vs. chronic irradiation 
(2.6-fold higher). It is reasonable to assume that the γH2AX foci method used captured all or nearly 
all DSB produced by the acute exposure. In other words, the influence of DSB repair on the scores 
was minimal. In contrast, lowering the dose rate and protracting the exposure would allow for much 
more time for DSB repair to complete the repair of slowly occurring DSB, so that by the time of the 

Figure 1. Dose-effect curves for the γH2AX foci formation in γ-irradiated MSCs. (A) Data generated
using either acute or low dose-rate exposure are shown. Mean and SEM of at least three independent
experiments are shown on the y-axis. (B) Fitting the γH2AX foci data for chronic exposure using
a “hockey stick” model (threshold at 150 mGy), a linear regression with a positive slope or a liner
regression with a nil slope. See text for details.

In the linear regression equation used for the data fitting (y = a + bx), the coefficient “b” reflects
a slope of the dose-response curve or the effect per dose unit. It is clearly seen from Figure 1 that
the effect per dose unit for the induction of γH2AX foci is higher for acute vs. chronic irradiation
(2.6-fold higher). It is reasonable to assume that the γH2AX foci method used captured all or nearly
all DSB produced by the acute exposure. In other words, the influence of DSB repair on the scores
was minimal. In contrast, lowering the dose rate and protracting the exposure would allow for much
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more time for DSB repair to complete the repair of slowly occurring DSB, so that by the time of the
completion of the exposure (accumulation of the total dose) and fixation of cells, a reduced number of
γH2AX foci is observed (Figure 1). Notably, the dose-response curve for the chronic irradiation had a
“plateau” between 30 and 160 mGy. The linear model with a zero slope for this dose range cannot be
rejected (p = 0.28), supporting the notion of the “plateau”. Above 160 mGy, significant increases in the
observed number of γH2AX foci affected the goodness of a linear fit, so that the linear hypothesis with
a zero slope can no longer be accepted (p = 0.007). On the other hand, the linear hypothesis for all six
data points still cannot be rejected (p = 0.67), similar to the hockey stick hypothesis with a threshold
dose of 150 mGy (p = 0.72) (Figure 1B).

2.2. Comparison of the γH2AX Foci Yields per Radiation Dose Unit for Acute vs. Chronic Exposure

An acute IR exposure led to a pronounced relative increase (IREL) in the number of γH2AX foci
(irradiation vs. control group) which depended on the dose (Table 1). For a chronic IR exposure at
doses 30, 100 and 160 mGy, the value of IREL varied between 1.28 and 1.43. The highest IREL for chronic
irradiation was 2.23 at 300 mGy. Of note, the acute irradiation resulted in 1.2–2.1-fold higher IREL

values compared to the chronic exposure. The maximal difference in the IREL values (more than 2-fold)
between the two types of exposure was observed at 160 mGy.

Table 1. Relative increase * in γH2AX foci number (IREL) depending on dose rate.

Dose Rate,
mGy/min

Dose, mGy

30 100 160 240 300

0.1 1.28 ± 0.11 1.43 ± 0.18 1.32 ± 0.20 1.93 ± 0.36 2.23 ± 0.30
30.0 1.55 ± 0.27 2.07 ± 0.33 2.78 ± 0.45 3.27 ± 0.60 4.05 ± 0.50

* IREL = IDi/I0, where IREL is a relative increase in the number of γH2AX foci for a certain dose, IDi and I0—values of
the number of γH2AX foci for the dose “i”, and for the control group, respectively.

The absolute yields of DSB per unit of radiation dose (K, %), defined as the increase in the number
of γH2AX foci normalized per dose unit, also indicate the significant difference between the acute and
chronic exposures (Table 2). The K coefficient for the acute irradiation was higher than that for the
chronic exposure for all doses. The maximum difference (5.5-fold) between the two dose-rates was
observed at 160 mGy, whereas the minimum difference (2-fold) was found for 30 mGy (Table 2).

Table 2. Normalized coefficient (K) * of the absolute yield of DSB per unit of radiation dose (%).

Dose Rate,
mGy/min

Dose, mGy

30 100 160 240 300

0.1 2.03 ± 0.74 0.95 ± 0.37 0.44 ± 0.26 0.85 ± 0.30 0.90 ± 0.19
30.0 4.01 ± 1.85 2.34 ± 0.65 2.44 ± 0.54 2.07 ± 0.48 2.23 ± 0.30

* K = (IDi − I0)/Di·100 (%), where K is the absolute yield of DSB per unit of radiation dose, Di—irradiation dose, IDi
and I0—values of the γH2AX foci number following dose “i” and in control, respectively.

2.3. The Threshold for ATM Activation upon Chronic Irradiation

To assess whether ATM may be involved in theγH2AX foci formation, we performed a quantitative
analysis of active (phosphorylated) ATM kinase (pATM) foci in MSCs exposed to acute vs. chronic low
dose-rate irradiation (Figure 2).

A regression analysis demonstrated a linear fit of the dose-response curve for pATM foci upon
acute exposure: y = 0.993 + 0.016x (R2 = 0.997; where “y” is number of pATM foci, and “x” is the
dose in mGy) (Figure 2A). For the chronic irradiation, the number of pATM foci did not significantly
differ from the control within the dose range of 30–160 mGy. Therefore, the linear regression with a
nil slope cannot be rejected (p = 0.51). At 240 and 300 mGy, the number of pATM foci increased and
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the linear hypothesis with a nil slope for all 6 experimental data points should be rejected (p = 0.003).
Additionally, we tested the statistical significance of a “hockey stick” hypothesis with a threshold dose
set at 200 mGy and found that it could not be rejected (p = 0.95). However, the linear fit for all data
points could not be rejected as well (p = 0.45) (Figure 2B).
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Figure 2. Dose-effect curves for pATM foci formation in γ-irradiated MSCs. (A) Data generated using
either acute or low dose-rate exposure are shown. The mean and SEM of at least three independent
experiments are shown on the y-axis. (B) Fitting the pATM foci data for chronic exposure using
a “hockey stick” model (threshold at 150 mGy), a linear regression with a positive slope or a liner
regression with a nil slope. See text for details.

The yields of DSB per unit of radiation dose (K, %) based on the pATM foci formation, were
calculated (Table 3). A pattern similar to the one revealed for γH2AX foci was seen again. In particular,
small increases were seen for the chronic exposure and significantly higher increases for the acute
exposure, up to 10.4-fold and 4.3-fold higher at 160 mGy and 240 mGy, respectively. Therefore, the
acute exposure produces a greater number of pATM foci per unit dose in MSCs compared to the
chronic exposure.

Table 3. Normalized coefficient (K) * of the absolute yield of DSB per unit of radiation dose (%).

Dose Rate,
mGy/min

Dose, mGy

30 100 160 240 300

0.1 0.98 ± 1.22 0.59 ± 0.34 0.16 ± 0.27 0.36 ± 0.16 0.67 ± 0.16
30.0 2.18 ± 1.35 1.60 ± 0.37 1.62 ± 0.35 1.56 ± 0.18 1.66 ± 0.26

* K = (IDi − I0)/Di·100 (%), where K is the absolute yield of DSB per unit of radiation dose, Di—irradiation dose, IDi
and I0—values of the pATM foci number following dose “i” and in control, respectively.

2.4. Co-localization of γH2AX and pATM Foci

To address the question of whether the γH2AX and pATM foci formation associated within the
same regions of DNA damage reflect the true DSBs, we analyzed their co-localization. For the acute
irradiation, the percentage of co-localized foci increased with the dose from 43% in the control to 67%
in the 300 mGy group (Figure 3). In contrast, the fraction of co-localized foci upon chronic irradiation
fluctuated near the basal level within the dose range of 30–160 mGy, followed by a non-significant
(p = 0.068) increase up to 60% at a dose of 300 mGy. This data may indicate a low level of formation of
true DSBs during a chronic low dose-rate IR exposure.
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2.5. Post-irradiation Kinetics of γH2AX and pATM Foci Numbers

To evaluate the DSB repair capacity in MSCs upon acute vs. low dose-rate irradiation, we scored
γH2AX and pATM at 0, 1, 2, 3, 4 and 6 h after cessation of irradiation delivering a total dose of 300 mGy.
The resulting kinetics curves are presented in Figure 4.
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chronically to γ-radiation. The mean and SEM of three independent experiments are shown.

It can be seen that the curves for the γH2AX foci were similar for the acute and chronic exposures
(Figure 4A). By 6 h, about 70% of the γH2AX foci disappeared, with no statistical difference in the
number of residual foci between the two exposure types. The half-life of DSB repair calculated for
the γH2AX foci were 2.35 h and 2.44 h for the acute and chronic irradiations, respectively. A larger
difference between the two exposure modes was seen when the pATM foci repair was analyzed
(Figure 4B). Upon acute exposure, about 25% and 14% of foci still remain at 4 and 6 h, respectively.
For the chronic exposure, ~40% and 21% of pATM foci were present at 4 and 6 h, respectively. This
indicates a longer half-life of the pATM foci repair for chronic compared to acute irradiation, 2.14 h
vs. 1.64 h. However, the difference in the absolute number of residual pATM foci was not significant
between the two irradiation modes.

3. Discussion

The results of our study showing substantial differences in DNA damage dose-responses to
chronic vs. acute irradiation are relevant to the ongoing controversy that surrounds the use of the LNT
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model in practical radiation protection applications. Radiobiological knowledge that is behind the
current radiation protection system has been generated using predominantly acute radiation exposures,
including key pioneering experiments that laid the foundation for the LNT model [30]. For a long
time, the model has not accounted for the well-known sparing effect (e.g., routinely accounted for in
cancer radiotherapy by fractionating the total therapeutic dose) seen for chronic exposures, which
are arguably the most common type of human exposure to low-dose radiation. Eventually, the lower
biological efficiency of low doses and dose-rates has found its way into the radiation protection system
in the form of a DDREF that was arbitrarily given the value of 2, meaning essentially that low doses
(<100 mGy) and low dose-rates (<0.1 mGy/min) are 2-fold less effective in causing relevant health
detriments, i.e., cancer [2]. However, the DDREF of 2 has since been criticized because radiobiological
and epidemiological studies have produced a range of DDREF estimates from 2 to 20 [31]. Interestingly,
the World Health Organization’s report on the Fukushima accident used a DDREF of one, which may
have led to overestimating cancer risks in exposed populations [32].

Our results showing flatter dose-response curves for the γH2AX and pATM foci induction in
MSCs exposed to low dose-rate irradiation when compared to cells exposed acutely (Figures 1 and 2)
suggest a lower efficiency in producing DSB by chronic exposure. To quantify the difference in DSB
formation by low dose-rate vs. acute irradiation, we calculated the number of foci per unit dose
and showed that for the γH2AX and pATM foci the chronic exposure was less effective 2.0–5.5-times
and 2.2–10.4-times, respectively (Tables 2 and 3). In general, these calculations support the use of a
DDREF of >2 in estimating the health risks upon exposure to low dose-rate radiation. It is also worth
pointing out that the conversion of DNA damage into mutations and further into cancer is thought to
be non-linear due to a great variety of defense mechanisms ranging from cell-intrinsic factors, such as
inducible DNA repair, to cell-extrinsic factors, such as immune surveillance [33,34]. Addressing the
controversy over the LNT vs. threshold model, we assessed the data for the γH2AX and pATM foci
formation upon low dose-rate exposures for the goodness of fit using either a linear or a “hockey stick”
model (Figures 1B and 2B). When the first three data points representing doses from 0 to 160 mGy
were used, a linear fit with a nil slope (flat line or “plateau) could not be rejected for both the γH2AX
(p = 0.28) and pATM foci (p = 0.51). Fitting the entire sets of data showed that both linear and threshold
models cannot be rejected. This was true for both the γH2AX and pATM foci data sets. However, it
may be pointed out that a “hockey stick” model resulted in a slightly better fit. Consistent with the
current results, an inefficient DNA repair foci formation was demonstrated in our previous studies
using Chinese hamster V79 cells at a dose-rate of 1 mGy/min [6]. It is tempting to speculate that the
indications of a threshold or a “plateau” for dose-response curves for the γH2AX and pATM foci
formation upon chronic radiation exposure reflect the real biological processes and can be statistically
validated if more data points are included in future studies.

In contrast to chronic irradiation, MSCs exposed to acute irradiation demonstrated linear
dose-responses for the γH2AX and pATM foci formation (Figures 1 and 2). The lowest dose of
30 mGy produced significant increases, consistent with a commonly accepted notion that only a few
tens of mGy are required to elicit a DSB repair response [35]. The co-localization of γH2AX and pATM
foci is generally thought to reflect “true” or physical DSBs that are initially produced by IR [36,37].
The dose-response reconstructed for the co-localized γH2AX and pATM foci (Figure 3) upon acute
irradiation followed a linear increase with the dose, unlike the curve observed for MSCs exposed to a
low dose-rate irradiation. The latter did not produce statistically significant increases in the number of
“true” DSBs. The poor co-localization of γH2AX and pATM foci upon chronic irradiation may suggest
the phosphorylation of H2AX carried out by other kinases like ATR or DNA-PKs [38]. It is worth
nothing that such phosphorylation is known to occur by ATR in the presence of replication errors and
that it involves HR factors, such as Rad51. Consistent with this, the preferential accumulation of Rad51
foci was observed in cells exposed to protracted irradiation and may suggest a more accurate DSB
repair via HR [7,10].
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However, the simplest mechanistic explanation for the shape of the dose-response curves following
the chronic irradiation is the hypothesis of the equilibrium between the formation of DSBs and their
repair occurring simultaneously during the protracted exposure time. This implies that DSB repair
sensors are capable of detecting the very low rate of radiation-induced DSBs. Such a capability
was suggested to play a key role in defining long-term outcomes following low dose-rate radiation
exposures [39], and evidence exists that the ATM-dependent DSB signaling machinery may not be
capable of detecting damage upon low dose-rate exposures causing an increased cell killing per
dose unit [40]. Our results on the kinetics of DSB foci comparing acute vs. chronic exposures
demonstrate that DSB repair indeed occurs following the low dose-rate exposure (Figure 4). This
is consistent with prevailing evidence showing that DSB repair can indeed act on DSB produced by
low dose-rate irradiation. Thus, an efficient DSB repair was demonstrated for human fibroblasts
exposed to γ-irradiation at 0.3 mGy/min in vitro [41] and in mouse studies in vivo [42–44]. Such an
inducible DSB repair was proposed to reduce the chance of spontaneous lymphomas and increase the
life expectancy of mice [45]. The rate of endogenous production of single-strand DNA lesions (SSLs)
was estimated to equal one caused by irradiation at a dose rate of ~5 mGy/min, which is 50-fold higher
than that used in the present study [46]. Such SSLs can lead to stalled replication forks followed by the
formation of DSBs [47]. Presumably, these DSBs are repaired by a more accurate mechanism of HR
and do not endanger the cell fate [48]. Last, evidence obtained in human in vivo or ex vivo low dose
radiation exposures supports the notion of both non-linear dose-responses for DSB formation and the
inducibility of DSB repair mechanisms [49–51].

In summary, our results show that human MSCs exposed to low dose-rate γ-irradiation produce
significantly lower numbers of DSB repair foci compared to acute γ-irradiation. The dose-response
curves for DSB repair foci are a better fit with a non-linear “hockey stick” model and contain either a
plateau (γH2AX and pATM foci) or a threshold (for “true” DSBs). The efficiency of foci induction by
chronic irradiation was 2–10 fold lower than that of acute irradiation, providing support for the DDREF
value that is greater than the one currently used. It is equally important that these results provide a
scientific basis for the improvement of radiation protection limits to be used in radiation therapy (e.g.,
protection of healthy tissues), diagnostic imaging, as well as environmental exposures after radiation
accidents. Considering the substantial role that human stem cells have recently been shown to play in
carcinogenesis and the sparsity of radiobiological data obtained in such cells exposed to low doses,
our study generated important novel knowledge. These findings help to understand the biology
of human MSCs’ responses to low dose-rate radiation exposures and relate this to long-term health
related outcomes. These outcomes, as evidenced in our results, are unlikely to follow a simple linear
relationship on dose as predicted by the currently used LNT model. Future research examining these
outcomes, such as differentiation capacity, mutational burden and tumorigenicity of MSCs exposed to
low dose-rate exposures, is therefore warranted and may be built upon the results presented here.

4. Materials and Methods

4.1. Cell Culture

Primary human bone marrow MSCs (passage 5–6) were purchased from «Biolot» (Russia). For
the immunophenotypic characterization, cells were stained with the panels of antibodies against the
following surface markers: CD3, CD13, CD14, CD19, CD25, CD29, CD31, CD34, CD38, CD44, CD45,
CD69, CD73, CD90, CD105, CD106, CD166 and HLA-DR (Becton Dickinson, Franklin Lakes, USA). The
expression of the surface markers was then analyzed using a BD FACS FACSCalibur (Becton Dickinson
Bioscience, USA) flow cytometer. The resulting expression profiles revealed high expression levels
(>60% positive cells) for CD90, CD105, CD166, CD44, CD73, medium levels (30–60%) for CD13, CD29
and CD69, and very low levels (<5%) for CD45, CD34, CD133, CD3, CD19, CD25, CD38, CD45, CD106,
and CD31 markers. This immunophenotype was consistent with the reported immunophenotype
for MSCs [52] and did not change in the course of the experiment. The cells were cultured for two
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passages in low-glucose Dulbecco’s Modified Eagle Medium (DMEM) (1 g/L glucose) (Thermo Fisher
Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (Thermo Fisher Scientific, USA)
under the standard conditions in a CO2 incubator (37 ◦C, 5% CO2). The culture medium was changed
every three days.

4.2. The Irradiation Sources and Dosimetry

Chronic irradiation was carried out using the gamma facility “Panorama” (137Cs γ-radiation
with energy 661.66 keV) that has previously been described for its use in long-term irradiation
experiments [53]. In our study, the cumulative absorbed doses were 30, 100, 160, 240 and 300 mGy.
The dose rate was 0.1 mGy/min. The radiation field produced in the gamma facility was characterized
using the universal dosimeter DKS-101 (Politekhform-M, Moscow, Russia). The dosimeter is capable
of measuring absorbed doses in the range of 4 × 10−2–4 × 104 mGy and dose rates in the range of
0.25–1.2 × 106 mGy/min. The accuracy of the measurements was less than 6% when the dose rate
was >3 mGy/min and the absorbed dose was >6 mGy. The kit included the farmer type camera
BMK-06 (SPC Doza, Moscow, Russia) with a sensitive volume of 0.6 cm3 (the energy of the detected
photon radiation was 0.05–50 MeV). The measurement of the absorbed dose was carried out directly in
a CO2-incubator. Acute irradiations were carried out in the therapeutic facility «Louch» using gamma
rays of a 60Co source with an average energy of 1.25 MeV. The dose-rate was 30 mGy/min, and the
absorbed doses matched the cumulative doses of the chromic irradiation: 30, 100, 160, 240 and 300 mGy.
Gamma-radiation dosimetry was performed using DKS-101 (SPC Doza, Moscow, Russia) and Unidos
(PTW-Freiburg, Freiburg, Germany) with an ionizing chamber type 30010 (sensitive volume of 0.6 cm3).
The total error of the gamma radiation measurements was 5–6% and included the error of the nuclear
constants, geometric quotients and detector efficacy.

4.3. Cell Irradiation

The MSCs were grown on glass coverslips placed inside 35-mm Petri dishes (Corning Inc.,
New York, NY, USA) at a density of about 2 × 103 cells per dish. The long-term irradiation of the cell
cultures in a CO2-incubator at a temperature of 37 ◦C in the presence of 5% CO2 was carried out in the
“Panorama” Gamma-ray facility. The duration of exposure was from 5 to 50 h. The duration of acute
exposures of cells in 35-mm Petri dishes was from 1 to 10 min. The experiments were repeated three
times with four technical replicates for each radiation dose.

4.4. Foci Detection and Analysis

The cells were fixed on coverslips in 4% paraformaldehyde in PBS (pH 7.4) for 20 min at room
temperature, followed by two rinses in PBS and permeabilization with 0.3% Triton-X100 (in PBS,
pH 7.4), supplemented by 2% bovine serum albumin (BSA) to block non-specific antibody binding.
The fixed-permeabilized cells were then incubated for 1 h at room temperature with a primary rabbit
monoclonal antibody against γH2AX (dilution 1:200, clone EP854(2)Y, Merck-Millipore, Burlington, VT,
USA) and a primary mouse monoclonal antibody against the phosphorylated ATM protein (dilution
1:200, clone 10H11.E12, Merck-Millipore, Burlington, VT, USA) diluted in PBS with 1% BSA. After
several rinses with PBS, the cells were incubated for 1 h with secondary goat anti-mouse IgG (H+L)
antibodies (Alexa Fluor 488-conjugated. dilution 1:600; Merck-Millipore, Burlington, VT, USA) and goat
anti-rabbit (rhodamine-conjugated. dilution 1:400; Merck-Millipore, USA) diluted in PBS (pH 7.4) with
1% BSA. Then, the coverslips were rinsed several times with PBS and mounted on microscope slides
with ProLong Gold medium (Life Technologies, Waltham, MA, USA) supplemented with DAPI for
DNA counter-staining. The slides were examined and imaged using a Nikon Eclipse Ni-U microscope
(Nikon, Tokyo, Japan) equipped with a high definition camera ProgRes MFcool (Jenoptik AG, Jena,
Germany). The filter sets used were 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). The foci were enumerated manually, with 300–400 cells scored per data point.
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4.5. Statistical Analysis

The Statistica 8.0 software (StatSoft) was used for the statistical and mathematical analyses of the
data. The results represent the means of three independent experiments ± standard error of the mean.
The statistical significance was tested using the Student t-test.

Linear and hockey stick [54] hypotheses were tested as follows: 10,000 artificial datasets were
generated from the normal distribution with the mean gained from the current model and standard
error from the experimental data. For both the stochastic and experimental datasets, the total sum of
square errors was estimated. The p-value is defined as the probability that the total sum of squares for
the random dataset would be greater than that for the observed one.
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