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ABSTRACT

At high exposure levels ionizing radiation is a carcinogen. Little is known about
how human stem cells, which are known to contribute to tumorigenesis, respond to
prolonged radiation exposures. We studied formation of DNA double strand breaks,
accessed as yH2AX and 53BP1 foci, in human mesenchymal stem cells (MSCs) exposed
to either acute (5400 mGy/h) or prolonged (270 mGy/h) X-irradiation. We show a linear
yH2AX and 53BP1 dose response for acute exposures. In contrast, prolonged exposure
resulted in a dose-response curve that had an initial linear portion followed by a plateau.
Analysis of Rad51 foci, as a marker of homologous recombination, in cells exposed to
prolonged irradiation revealed a threshold in a dose response. Using Ki67 as a marker
of proliferating cells, we show no difference in the yYH2AX distribution in proliferating
vs. quiescent cells. However, Rad51 foci were found almost exclusively in proliferating
cells. Concurrent increases in the fraction of S/G2 cells were detected in cells exposed to
prolonged irradiation by scoring CENPF-positive cells. Our data suggest that prolonged
exposure of MSCs to ionizing radiation leads to cell cycle redistribution and associated
activation of homologous recombination. Also, proliferation status may significantly
affect the biological outcome, since homologous repair is not activated in resting MSCs.

INTRODUCTION intermediate doses of ionizing radiation (IR) [1-3]. Even
though, based on atomic bomb survivor studies, it is well

Nuclear accidents, such as those in Chernobyl and established that high-dose exposures result in statistically
Fukushima, may result in exposure of humans to low and significant increased risks of cancer and life shortening
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[4], whether low and intermediate doses can cause cancer
or other biological detriment cannot be reliably determined
from human studies due to their low statistical power
[5]. Therefore, regulatory bodies have adopted a linear-
no-threshold model which dictates that any excess dose
of IR, however small, will result in an excess of cancer
risk [6]. This model however has been widely criticized
as not scientifically justified, since a multitude of studies
have shown either the lack of biological detriment or even
beneficial effects upon low-dose radiation exposures in a
variety of experimental models [7—11]. This uncertainty
about managing risks of low-dose radiation exposures
also includes a dose-rate component, in that both dose and
dose rate could affect the overall risk. Since most real-
life scenarios of human exposures to low and intermediate
doses of IR include prolonged exposures, lasting from
hours to days, the dose-rate factor has been recognized as
an important component of risk calculation. Indeed, the
National Research Council and the National Academy of
Sciences recommended a dose and dose rate effectiveness
factor (DDREF) of 1.5 [12], whereas the International
Committee on Radiological Protection (ICRP) suggested
a DDREF of 2.0 [13]. The DDREF defines the fold-
reduction in risk if a dose has been delivered chronically.
However, more conservative estimates of prolonged vs.
acute radiation exposure risks have been proposed [14,
15], indicating that there is a substantial controversy on
how to regulate risks of exposure to prolonged vs. acute
irradiation.

Systemic biological outcomes of human exposure
to IR, such as cancer and shortening of life span, are
the results of complex cellular and tissue responses
to radiation. One of the main contributor to diseased
conditions is damaged DNA [16]. As a result, a wealth
of studies examined the biological effects of radiation
exposure in experimental models which focused on DNA
damage end-points, with a particular emphasis on DNA
double-strand breaks (DSBs) or gross chromosomal
changes that are directly caused by DSBs [17]. These
lesions, if left unrepaired or misrepaired, can cause cell
death [18] or lead to mutagenesis [19] and, consequently,
to tumorogenesis [17]. Therefore, understanding responses
of DNA DSB formation and repair followed by a
particular radiation exposure mode is an important step
toward understanding the potential biological consequence
of such exposure.

Until recently, it has been commonly assumed
that mutated somatic cells are the ones that give rise to
tumor formation. However, this paradigm has shifted
toward realization of a pivotal role that stem cells play in
tumor initiation, progression and metastasis [20, 21]. Yet,
our knowledge of DNA damage and repair responses to
radiation comes predominantly from somatic cell models.
Although human stem cells have been studied for their
DNA damage and repair responses to acute radiation
exposures [22-24], very few studies have used prolonged

irradiation [25]. Multipotent mesenchymal stem cells
(MSCs) are a well-characterized type of stem cells [26],
widely used in stem cell-based therapy of various diseases
[26]. They have a fibroblast-like phenotype and are able to
renew themselves. Renewal and differentiation of MSCs
is associated with a fine balance between proliferation and
quiescence. How proliferating vs. resting MSCs respond
to radiation is unknown. MSCs are considered to be
relatively radioresistant in comparison to radiosensitive
hematopoietic stem cells, mostly due to the activity of
DNA DSBs repair pathways [27]. Therefore, MSCs can
survive irradiation otherwise lethal to hematopoietic stem
cells and can, in some cases, undergo neotransformation
[28]. However, it is unknown how DNA DSBs are formed
and repaired in these cells upon prolonged radiation
exposures.

To address the knowledge gaps discussed above,
we sought to study how DNA DSB responses are elicited
in MSCs exposed to various doses of either acute (5400
mGy/h) or prolonged (270 mGy/h) X-radiation and how
these responses are affected by their proliferation status.
We used YH2AX and 53BPl1foci as markers of DNA
DSBs [29-31] and Rad51 foci as a marker of homologous
recombination (HR) repair [32-34]. Both endpoints were
measured in proliferating and quiescent MSCs using
Ki67 as a marker of proliferating cells. Additionally,
we measured the fraction of S/G2 cells to account for
cell cycle redistribution and its potential contribution to
responses to irradiation.

All experiments were performed using gingiva
derived MSCs. Gingival mucosa is one of the most
promising sources of MSCs due to its availability, low
invasiveness of their collection procedure, and the ability
of gingival mucosa wounds to heal without scarring [35].
In addition, gingiva derived MSCs may be more clinically
valuable than MSCs derived from other tissues due to their
higher proliferation capacity [36].

RESULTS

vYH2AX and S53BP1 foci formation after acute or
prolonged irradiation

We first characterized the formation of DNA DSBs
in MSCs exposed to various doses of either acute (5400
mGy/h) or prolonged (270 mGy/h) X-ray irradiation by
quantifying YH2AX and 53BP1 foci. A typical yYH2AX
and 53BP1 foci appearance pattern is shown in Figure
la. Results of YH2AX and 53BP1 foci quantification
are presented in Figure 1b, lc. All radiation exposures
produced statistically significant increases in YH2AX
and 53BP1 foci numbers compared to the non-irradiated
control. For high dose rate, the number of YH2AX and
53BP1 foci increased linearly with dose up to 1620
mGy (Figure 1b). This dose-response relationship was
fit by a linear regression: y=0.021x + 3.969 (R>=0.98),
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where y is a number of YH2AX foci and x is radiation
dose in mGy. This result was consistent with our
previous observations showing linear yYH2AX dose
responses in human fibroblasts [37], as well as with the
results reported by others for this cell type [31]. Similar
results were obtained for 53BP1 foci, another marker
frequently used for quantification of DNA DSBs (Figure
1b). For prolonged irradiation, a different dose-response
relationship was observed in that the initial linear portion
of the curve turned into a plateau at around 1 Gy (Figure
lc). A statistically significant difference between acute and
prolonged irradiation was found for doses of 1350 mGy

(for yYH2AX, p=0.0082; for 53BP1, p=0.0417) and 1620
mQGy (for YH2AX, p=0.0009; for 53BP1, p=0.0229).

Rad51 foci formation during prolonged
irradiation

We examined the status of homologous DNA repair
by quantifying Rad51 foci in cells exposed to prolonged
X-ray irradiation. Figure 2a shows representative
images of Rad51 foci in MSCs exposed to irradiation.
Quantification of Rad51 foci is presented in Figure 2b.
In contrast to YH2AX foci dose responses (Figure 1b),

DAPI 53BP1 vYH2AX Merged
40 -
35 b
g 30 A ~ ’,——"— ......
< e
=2+ 1 ey
R Y~
520+
s | s
g 15 -
g 10 | -o-yH2AX
§ -<>-53BP1
> -» Colocalized
0 T T T T T T T T T
0 20 40 60 80 100 120 140 160
40 -
35 4 C
2 30 -
2
5 25
£
5 20 A
E
g 15 -
=1
5 10 |
g, -&-53BP1
p -»¢ Colocalized
0 T T T T T T T T T
0 20 40 60 80 100 120 140 160
Dose, cGy

Figure 1: YH2AX and 53BP1 foci formation in MSCs exposed to either acute or prolonged X-ray irradiation. (a)
Representative microphotographs of immunofluorescently stained irradiated MSCs showing YH2AX (red) and S3BP1 (green) foci. DAPI
counterstaining is shown in blue. (b) Quantification of YH2AX and 53BP1 foci, as well as their colocalization,in MSC exposed to acute
(5400 mGy/h) or prolonged (270 mGy/h) (¢) X-ray irradiation. Mean foci numbers derived from at least three independent experiments are

shown. Error bars show SE.
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substantial increases in Rad51 foci were not found until
about 2 h of prolonged irradiation (cumulative dose
of 540 mGy). This finding suggests a threshold for
homologous repair activation upon prolonged 270 mGy/h
X-ray irradiation of MSC cultures. Between 2 and 6 h
of irradiation, Rad51 foci accumulated linearly and the
overall dose response could be fit by a linear regression
y=0.007x + 0.559 (R*°0.95), where y is a number of
RADSI1 foci and x is radiation dose in mGy. There was
a dose overlap between the linear portion of Rad51 foci
dose-response curve and the plateau portion of the YH2AX
foci curve, suggesting that linear activation of homologous
DNA repair may explain the plateau.

vH2AX foci formation in Ki67+ vs. Ki67- cell
subpopulations during prolonged irradiation

To further characterize YH2AX foci formation
upon prolonged irradiation, we measured the responses
in proliferating vs. non-proliferating cells. We used Ki67
as a marker of the proliferation status and scored YH2AX
foci in Ki67 negative (Ki67-) GO cells vs. Ki67 positive
(Ki67+) interphase and mitotic cells (Figure 3a). First, we
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observed a statistically significant difference between the
two subpopulations of control non-irradiated cells for each
time point: 2.29 £ 0.36 for Ki67+ vs. 0.35 + 0.08 for Ki67-
cells (Figure 3b). Similarly, for irradiated cells for all of
the time points examined the number of YH2AX foci was
higher for Ki67+ subpopulation compared to Ki67- cells.
We also constructed YH2AX histograms for each time
point for these two subpopulations (Figure 3¢) to examine
heterogeneity of cells for yYH2AX foci numbers. This
data indicates that proliferating cells tend to have higher
numbers of YH2AX foci. However, the shape of the dose-
response curves did not differ between Ki67+ and Ki67-
cells in that the plateau portion was evident for both and
spanned the same dose range.

RadS51 foci formation in Ki67+ vs. Ki67-
subpopulations after prolonged irradiation

Next, we quantified Rad51 foci formation in
proliferating vs. quiescent MSCs. Rad51 foci were not
observed in Ki67- non-irradiated cells (mean value of 0.24
+ (.12 foci per cell) as shown in a representative image in
Figure 4b. Also, very few foci were found in Ki67+ control
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Figure 2: RADS51 foci formation in MSCs exposed to prolonged X-ray irradiation. (a) Representative microphotographs
of immunofluorescently stained irradiated MSCs showing Rad51 foci (red). DAPI counterstaining is shown in blue. (b) Quantification
of Rad51 in MSC exposed to prolonged (270 mGy/h) X-ray irradiation. Mean foci numbers derived from at least three independent

experiments are shown. Error bars show SE.
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Figure 3: yH2AX foci formation in proliferating vs. resting MSCs exposed to prolonged X-ray irradiation. (a)
Representative microphotographs of immunofiuorescently stained irradiated MSCs showing Ki67 (green) and YH2AX foci (red). DAPI
counterstaining is shown in blue. (b) Quantification of YH2AX in Ki67+ vs Ki67- MSCs exposed to prolonged (270 mGy/h) X-ray
irradiation. Mean foci numbers derived from at least three independent experiments are shown. Error bars show SE. (¢) Histograms
showing percent of cells with a certain number of YH2AX foci.

www.impactjournals.com/oncotarget 64321 Oncotarget



Ki67(+)

o 18 -

5 16 4 b —-e-irradiated Ki67(+) cells

§ 14 - -o-irradiated Ki67(-) cells

E 12 - -&-control Ki67(+) cells

—é 10 -4 control Ki67(-) cells

s 8

S 6

n 4

2 2

() Sl e = e o e @ e e e e
0 1 2 3 4 5 6
Time, hours
Irradiated Ki67(+) cells Irradiated Ki67(-) cells

=% +%
285 2
& &° &°
S ;‘8 g ;8
5 5
& c\o < 0\0

Figure 4: Rad51 foci formation in proliferating vs. resting MSCs exposed to prolonged X-ray irradiation. (a) Representative
microphotographs of immunofluorescently stained irradiated MSCs showing Ki67 (green) and Rad51 foci (red). DAPI counterstaining is
shown in blue. (b) Quantification of Rad51 in Ki67+ vs Ki67- MSCs exposed to prolonged (270 mGy/h) X-ray irradiation. Mean foci
numbers derived from at least three independent experiments are shown. Error bars show SE. (¢) Histograms showing percent of cells with

a certain number of Rad51 foci.
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cells (1.23 £ 0.40 foci per cell). Interestingly, Rad51 foci
were not produced in irradiated resting cells either and this
lack of foci was found for all doses examined (Figure 4b).
Only Ki67+ cells contained Rad51 foci upon irradiation.
The dose response followed very closely the pattern seen
for Rad51 foci for gross cell population in Figure 2b.
Thus, foci did not start to accumulate until 1.5-2 h of the
prolonged X-ray irradiation and the accumulation followed
a linear pattern. The dose response was best fit (R>=0.99)
by a linear-quadratic model y=4.81x’+1.28x+1.09, where
y is a number of Rad51 foci and x is radiation dose in Gy.
Finally, histograms showed that for all groups and time
points distribution of cells with Rad51 was deviated from
normality (Figure 4c).

The fraction of proliferating cells did not change
during the prolonged irradiation

To examine whether the fraction of proliferating
cells was affected by prolonged irradiation and may
therefore have contributed to overall foci dose responses,
we examined how the Ki67 positive cell fraction changed
during prolonged irradiation. Results of this experiment
presented in Figure 5 indicate that no statistically
significant difference in the Ki67+ fraction in irradiated
vs. non-irradiated cells was found. Throughout the study,
the Ki67+ fraction averaged at ~ 80 %. This data validates
that there was no significant change in cell proliferation
during prolonged irradiation and the responses obtained at
various time points can be reliably compared to each other
and to the control.
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The G2/M cell cycle arrest induction during the
prolonged irradiation

HR DNA repair takes place only in S/G2 phases
of the cell cycle when the sister chromatid is available
to serve as a template. We therefore examined whether
the increased Rad51 signal in proliferating cells could
be attributed to accumulation of cells in S/G2 phases.
We immunofluorescently labelled cells with CENPF
and enumerated CENPF-expressing cells (CENPF+).
This protein, being a component of the nuclear matrix
during G2 phase, has been used as a marker of S/G2 cells
[38, 39]. Its synthesis commences in early S phase and
ceases in the M phase, with a peak in the G2 phase [39].
We determined that at 4-6 h of prolonged irradiation, a
statistically significant (p<<0.05) increase in the fraction of
CENPF+ cells occurred (Figure 6b).

DISCUSSION

The role of stem cells in radiation-induced
carcinogenesis have long been overlooked. Relatively
recent realization that stem cells substantially contribute
to tumorigenesis, has led to a high interest in radiation
responses in stem cells [40, 41]. Yet, a number of barriers,
such as complexity of long-term biological consequences
of radiation exposure and differences in the biology of
stem cells of various types, exist in this rapidly developing
area of radiation biology [42]. These barriers are behind
substantial knowledge gaps that remain to be filled. One of
them is the effect of dose rate on biological outcomes [43].

3

Figure 5: Proliferation is not affected by prolonged irradiation. Ki67 positive cell were quantified in non-irradiated MSCs or
cells exposed to prolonged X-ray irradiation and means of at least three independent experiments were plotted. Error bars show SE.
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Results of the study by Shuryak et al. [44] showing that
low LET IR directly causes normal mammary stem cells
to acquire mutations in vivo implied that dose rate at low
to intermediate dose is a substantial factor that may define
an outcome. Our data showing that human MSCs exposed
to prolonged X-irradiation accumulated YH2AX and
53BP1 foci differently compared to acute X-irradiation
are consistent with such proposition.

Historically, plateau portions of dose-response
curves have been well explained by inducible DNA
repair [45, 46]. Similarly, we proposed that the plateau
for yH2AX and 53BP1 foci formation observed between
800 and 1600 mGy for prolonged irradiation was due
to inducible DNA repair that shifted a balance between
newly formed and rejoined DNA DSBs towards the latter.
Our previous report indicated that continuing irradiation

tended to trigger HR repair in normal human fibroblasts
[37]. For murine embryonic stem cells, Tichy et al. [47]
found that HR, but not non-homologous end joining,
was the DNA repair pathway of choice upon exposure to
IR. When a dose response for Rad51 foci for prolonged
X-irradiation was constructed for MSCs in this study,
the results suggested that HR activation (between 560
and 1600 mGy) may have contributed to the plateau
seen for YH2AX foci. However, this assumption was not
confirmed when YH2AX and Rad51 foci were scored
separately in proliferating and resting cells. It turned out
that the pattern of the YH2AX foci dose response did not
depend on the proliferation status of the cells, with the
exception that slightly higher YH2AX foci numbers were
observed in proliferating cells, which may represent an
additional burden of transient metabolic foci (i.e. those
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Figure 6: S/G2 cell cycle phases changes in MSCs exposed to prolonged irradiation. (a) Representative microphotographs
of immunofluorescently stained irradiated MSCs showing CENPF (green) DAPI counterstaining (blue). (b) Quantification of CENPF+
cells in cultures exposed to prolonged (270 mGy/h) X-ray irradiation. Mean values derived from at least three independent experiments are
shown. Error bars show SE. p-values of statistically significant differences are shown.
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related to DNA replication) (Figure 3). Interestingly, the
difference in foci numbers between Ki67+ and Ki67- cells
was similar for both irradiated and control cells, further
supporting the notion of their relation to replication. Yet, a
drastic difference was found between Rad51 dose response
curves for proliferating vs. resting cells in that no foci
were observed in resting cells (Figure 4). This data shows
that the plateau portion of yYH2AX/53BP1 dose response
could not be attributed to inducible HR. It appears that a
typical YH2AX decay associated with the completion of
DSB rejoining with time (since time is another important
parameter to keep in mind while considering prolonged
irradiation) contributed to the formation of the plateau.
Furthermore, out of two potential explanations of linear
accumulation of Rad51 foci between 560 and 1600 mGy,
one being HR activation and the other being accumulation
of persistent DSBs, the latter deserves closer attention.
Indeed, a complex relationship between repair and
accumulation of DSBs was reported for quiescent and
proliferating cells [48]. Minakawa et al. [48] showed
that both resting and proliferating cells accumulate
persistent DNA DSBs. While our data for Rad51 foci in
replicating cells are consistent with this observation, the
observed lack of foci in resting cells may be related to
experimental differences, such as time of detection, doses
and experimental model. Alternatively, it is still possible
that HR repair is indeed activated in MSCs exposed to
>560 mGy doses, however its contribution may not be
detectable at the level of gross DNA DSBs provided by
the YH2AX/53BP1 foci enumeration method. In this
scenario, it could be anticipated that fewer mutations
may be expected in MSCs exposed to prolonged vs.
acute exposure, since HR is less prone to errors in break
rejoining.

Low and intermediate doses of IR have been
reported to affect proliferation of stem cells. Increased
proliferation was found in vitro in rat MSCs exposed
to 50 and 75 mGy [49], as well as in vivo in mice bone
marrow hematopoietic progenitor cells irradiated with 75
mGy [50] and neural stem cells upon 300 mGy irradiation
[51]. In this study we found that the proliferating fraction
of cells measured as Ki67(+) cells did not change during
the course of the entire prolonged irradiation experiment,
suggesting that the proliferation activity stimulation/
inhibition was not a factor in the observed shapes of
dose responses for both yYH2AX/53BP1 and Rad51 foci
formation. However, we did observe an accumulation of
cells in S/G2 phases of the cell cycle upon the prolonged
irradiation, indicating that the increases in the HR may be
a result of cell cycle redistribution.

The drastic difference in Rad51 foci formation
between proliferating and quiescent cells may provide
grounds for further focused studies to elaborate biological
relevance of such responses. In particular, various stressful
physiological conditions, such as heavy physical exercise,
chemical poisoning and others that may be experienced by

humans in response to an exposure scenario of moderate
doses of prolonged irradiation (e.g. nuclear accidents) may
shift the balance of quiescent vs. proliferating stem cells
and thus affect biological long-term outcomes. Further
studies examining the complex DNA damage responses in
stem cells within the proliferation vs. quiescence context
as they relate to stem cell driven neoplastic transformation
and tumorigenesis are warranted. Results of this study
showing distinct Rad51 foci responses in resting vs.
proliferating human MSCs represent preliminary
knowledge upon which these future studies may be based.

MATERIALS AND METHODS

Human MSC:s isolation, characterization and
cultivation

MSCs were isolated from oral mucosa (gingiva)
biopsy of 4 healthy volunteers (women 26-32 years
old). All donors signed the informed consent before
procedures. Ethics approval for the study was granted
by the Russian Healthcare Regulation Authority and
the Ethics Committee and Academic Council of the
Central Clinical Hospital with Outpatient Health Center.
Biopsy specimens were placed in Dulbecco’s Modified
Eagles Medium (DMEM; StemCell Technology, USA)
supplemented with 5% Fetal Bovine Serum (FBS;
Biological Industries, Israel), 1 g/ D-glucose, 200 U/mL
penicillin and 200 ug/mL streptomycin and transported to
the laboratory. Samples of tissue were minced with sterile
scalpels. Homogenates were then incubated with 1 mL
of 0.25% Trypsin/EDTA (StemCell Technology, USA) at
37°C for 1 hour. Enzyme activity was blocked by adding 1
mL FBS (Biological Industries, Israel). Homogenates were
centrifuged 7 minutes at 300 g. Obtained suspensions were
incubated in 1 ml of 0.15% collagenase type II (Sigma,
USA) at 37°C for 2 hours. Ten ml phosphate buffered
saline (PBS, StemCell Technology, USA) was added
and suspensions were centrifuged 7 minutes at 300 g and
pellets resuspended in MesenCult medium (StemCell
Technology, USA). Cells were seeded in culture flasks at
the density of 3 x 105 cells/cm? and incubated at 37°C and
5% CO,.

Differentiation of gingiva derived MSCs into the
chondrogenic, adipogenic and osteogenic directions
was performed using Human Mesenchymal Stem Cell
Functional Identification Kit (R D Systems, USA)
according to the manufacturer's procedure. Expression
of osteocalcin, FABP4 and aggrecan was detected by
immunocytochemical analysis using primary monoclonal
antibodies against human osteocalcin, FABP4 and
aggrecan provided in kit (R D Systems) and secondary
fluorescein-labeled (FITC) antibodies (LifeTechnologies).
All MSCs cultures maintained the ability to differentiate in
osteogenic, adipogenic, and chondrogenic lineages when
cultured in media supplemented with the corresponding
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induction factors. Immunofluorescence analysis showed
expression of chondro- (aggrecan), osteo- (osteocalcin)
and adipogenic (FABP4) markers after induction of
differentiation. Expression of specific markers of
differentiation was not observed when culturing gingiva
derived MSCs under normal conditions.

For immunophenotypic characterization, cells at
passage 2 were detached using 0.05% Trypsin/EDTA
(StemCell Technology, USA), washed and counted. Ten
to twenty thousand cells in PBSwere stained with labeled
antibodies according to the manufacturer's instructions.
Phenotyping was performed on a flow cytometer
BD FACS Canto II (USA). For the identification and
characterization of the cultured cells, the following set of
monoclonal antibodies was used: CD90, CD73, CD105,
CD54, CD44, CD13, CD34, CD117, CD45, CD14 (all
from BD Bioscience, USA). The antibodies detect typical
markers of mesenchymal progenitor cells. FITC-, APC-,
PerCp- and PE-labeled IgG antibodies of corresponding
class were used as isotype controls. Gingiva derived MSCs
had a high level of expression of CD44, CD13, CD90,
CD105, CD73, did not express markers of progenitor
hematopoietic (CD34, CD45, CD14, CDI117) cells,
and had a low level of expression of adhesion molecule
(CD54).

For irradiation experiments cells of the 2nd passage
were used. Cells were detached, washed and resuspended
and seeded at the density of 5 x 10° cells/cm? in 500 pL of
culture medium onto coverslips (SPL Lifesciences, South
Korea) placed inside 35 mm Petri dishes (Corning, USA).
Additional volume of the medium (1,5 ml) was added after
seeding. Cells were incubated at 37°C and 5% CO, for at
least 20 h before irradiation experiments.

Irradiation

Cells were exposed to 100 kV X-rays at a dose
rate of 270 mGy/h (0.8 mA, 1.5 mm Al filter) and 5400
mGy/h using RUB RUST-M1 X-irradiator (Russia).
Throughout the irradiation, cells were maintained at 37°C
using thermo-granules Lab Armour (Life Technologies,
USA). Cells were returned to normal growth conditions
immediately after irradiation and maintained for various
periods of time before fixation.

Immunoflourescence staining

Cells were fixed on coverslips in 4%
paraformaldehyde in PBS (pH 7.4) for 20 min for
YH2AX staining and for 10 min for Rad51 staining at
room temperature followed by two rinses in PBS and
permeabilization in 0.3% Triton-X100 (in PBS, pH 7.4)
supplemented with 2% bovine serum albumin (BSA) to
block non-specific antibody binding. Cells were incubated
for 1 hour at room temperature with primary antibody
against YH2AX (dilution 1:200, clone EP854(2)Y, Merck-
Millipore, USA), 53BP1 (dilution 1:200, clone BP13,

Merck-Millipore, USA), RADS1 (dilution 1:200, ABE257,
Merck-Millipore, USA), CENPF (dilution dilution 1:200,
ab5, Abcam, USA) and Ki67 (dilution 1:200; clone Ki-
S5, Merck-Millipore, USA) diluted in PBS with 1% BSA.
After several rinses with PBS cells were incubated for
1 hour with secondary antibodies IgG (H+L) goat anti-
mouse (Alexa Fluor 488 conjugated, dilution 1:600;
Merck-Millipore, USA) and goat anti-rabbit (rthodamine
conjugated, dilution 1:400; Merck-Millipore, USA)
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, USA) with DAPI for DNA counter-staining.
Cells were viewed and imaged using Nikon Eclipse Ni-U
microscope (Nikon, Japan) equipped with a high definition
camera ProgRes MFcool (Jenoptik AG, Germany). 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). 300-400 cells were
imaged for each data point. Number of foci was counted
using DARFI (https://github.com/varnivey/darfi).

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. Statistical significance was
tested using the Student t-test.

Author contributions

A.T., .V.O and A.N.O. conceived and designed the
experiments; P.E., LLE., A.P., V.Z. and P.K. performed the
MSCs isolation, characterization and cultivation; A.T.,
LV.O., M.P., A. G.and N.V. performed the radiobiology
experiments and immunocytochemical analysis; A.T.,
LLV.O., AZ., DK. and A.N.O. analyzed the data; D.K.,
A.T.,1E.,AP,SL.,VZ,PK.,AZ and AN.O., wrote
the paper. All authors approved the final version of the
article, including the authorship list.

ACKNOWLEDGMENTS

Part of study concerning human gingival MSCs
isolation, cultivation and characterization was supported
by Russian Science Foundation grant # 14-25-00166.
Immunocytochemistry work was supported by the Russian
Foundation for Basic Research grant #16-04-01810-a and
with the financial support of the Ministry of Education
and Science of the Russian Federation (Agreement No.
02.A03.21.0003 dated of August 28, 2013).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

www.impactjournals.com/oncotarget

64326

Oncotarget



REFERENCES

10.

11.

Yamashita S, Suzuki S. Risk of thyroid cancer after
the Fukushima nuclear power plant accident. Respir
Investig. 2013; 51:128-33. https://doi.org/10.1016/].
resinv.2013.05.007.

Schmitz-Feuerhake I, Busby C, Pflugbeil S. Genetic
radiation risks: a neglected topic in the low dose debate.
Environ Health Toxicol. 2016; 31:€2016001. https://doi.
org/10.5620/eht.e2016001.

Beresford NA, Copplestone D. Effects of ionizing radiation
on wildlife: what knowledge have we gained between the
Chernobyl and Fukushima accidents? Integr Environ Assess
Manag. 2011; 7:371-3. https://doi.org/10.1002/iecam.238.
Kamiya K, Ozasa K, Akiba S, Niwa O, Kodama K,
Takamura N, Zaharieva EK, Kimura Y, Wakeford R.
Long-term effects of radiation exposure on health.
Lancet. 2015; 386:469-78. https://doi.org/10.1016/
S0140-6736(15)61167-9.

Mattsson S, Nilsson M. On the estimation of radiation-
induced cancer risks from very low doses of radiation and
how to communicate these risks. Radiat Prot Dosimetry.
2015; 165:17-21. https://doi.org/10.1093/rpd/ncv037.

Mitchel RE. Cancer and low dose responses in vivo:
implications for radiation protection. Dose Response. 2007;
5:284-91. https://doi.org/10.2203/dose-response.07-014.
Mitchel.

Majer M, Knezevic Z, Saveta M. Current trends in
estimating risk of cancer from exposure to low doses of
ionising radiation. Arh Hig Rada Toksikol. 2014; 65:251-7.
https://doi.org/10.2478/10004-1254-65-2014-2425.

Calabrese EJ, O'Connor MK. Estimating risk of low
radiation doses - a critical review of the BEIR VII report
and its use of the linear no-threshold (LNT) hypothesis.
Radiat Res. 2014; 182:463-74. https://doi.org/10.1667/
RR13829.1.

Olipitz W, Wiktor-Brown D, Shuga J, Pang B, McFaline J,
Lonkar P, Thomas A, Mutamba JT, Greenberger JS, Samson
LD, Dedon PC, Yanch JC, Engelward BP. Integrated
molecular analysis indicates undetectable change in DNA
damage in mice after continuous irradiation at ~ 400-fold
natural background radiation. Environ Health Perspect.
2012; 120:1130-6. https://doi.org/10.1289/ehp.1104294.

Osipov AN, Buleeva G, Arkhangelskaya E, Klokov D. /n
vivo gamma-irradiation low dose threshold for suppression
of DNA double strand breaks below the spontaneous level
in mouse blood and spleen cells. Mutat Res. 2013; 756:141-
5. https://doi.org/10.1016/j.mrgentox.2013.04.016.

Osipov AN, Klokov DY, Elakov AL, Rozanova OM,
Zaichkina SI, Aptikaeva GF, Akhmadieva A. Comparison
in vivo study of genotoxic action of high- versus
very low dose-rate gamma-irradiation. Nonlinearity
Biol Toxicol Med. 2004; 2:223-32. https://doi.
org/10.1080/15401420490507521.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

National Research Council (U.S.). Committee to Assess
Health Risks from Exposure to Low Level of lonizing
Radiation. (2006). Health risks from exposure to low levels
of ionizing radiation : BEIR VII Phase 2. (Washington,
D.C.: National Academies Press).

The 2007
Commission on Radiological Protection. ICRP publication
103. Ann ICRP. 2007; 37:1-332. https://doi.org/10.1016/].
icrp.2007.10.003.

Ruhm W, Woloschak GE, Shore RE, Azizova TV, Grosche
B, Niwa O, Akiba S, Ono T, Suzuki K, Iwasaki T, Ban N,
Kai M, Clement CH, et al. Dose and dose-rate effects of
ionizing radiation: a discussion in the light of radiological
protection. Radiat Environ Biophys. 2015; 54:379-401.
https://doi.org/10.1007/s00411-015-0613-6.

Morgan WF, Bair W1J. Issues in low dose radiation biology:

Recommendations of the International

the controversy continues. A perspective. Radiat Res. 2013;
179:501-10. https://doi.org/10.1667/RR3306.1.

Jackson SP, Bartek J. The DNA-damage response in human
biology and disease. Nature. 2009; 461:1071-8. https://doi.
org/10.1038/nature08467.

Khanna KK, Jackson SP. DNA double-strand breaks:
signaling, repair and the cancer connection. Nat Genet.
2001; 27:247-54. https://doi.org/10.1038/85798.

Jackson SP. Sensing and repairing DNA double-strand
breaks. Carcinogenesis. 2002; 23:687-96.

Pfeiffer P, Goedecke W, Obe G. Mechanisms of DNA
double-strand break repair and their potential to induce
chromosomal aberrations. Mutagenesis. 2000; 15:289-302.

Sell S. On the stem cell origin of cancer. Am J Pathol. 2010;
176:2584-494. https://doi.org/10.2353/ajpath.2010.091064.

Berger L, Shamai Y, Skorecki KL, Tzukerman M. Tumor
specific recruitment and reprogramming of mesenchymal
stem cells in tumorigenesis. Stem Cells. 2016; 34:1011-26.
https://doi.org/10.1002/stem.2269.

Osipov AN, Pustovalova M, Grekhova A, Eremin P,
Vorobyova N, Pulin A, Zhavoronkov A, Roumiantsev
S, Klokov DY, Eremin I. Low doses of X-rays induce
prolonged and ATM-independent persistence of
gammaH2AX foci in human gingival mesenchymal
stem cells. Oncotarget. 2015; 6:27275-87. https://doi.
org/10.18632/oncotarget.4739.

Oliver L, Hue E, Sery Q, Lafargue A, Pecqueur C, Paris
F, Vallette FM. Differentiation-related response to DNA
breaks in human mesenchymal stem cells. Stem Cells.
2013; 31:800-7. https://doi.org/10.1002/stem.1336.

Mujoo K, Butler EB, Pandita RK, Hunt CR, Pandita
TK. Pluripotent stem cells and DNA damage response to
ionizing radiations. Radiat Res. 2016; 186:17-26. https://
doi.org/10.1667/RR14417.1.

Tseng BP, Lan ML, Tran KK, Acharya MM, Giedzinski E,
Limoli CL. Characterizing low dose and dose rate effects in
rodent and human neural stem cells exposed to proton and

WWw

.impactjournals.com/oncotarget

64327

Oncotarget



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

gamma irradiation. Redox Biol. 2013; 1:153-62. https://doi.
org/10.1016/j.redox.2013.01.008.

Sharma RR, Pollock K, Hubel A, McKenna D.
Mesenchymal stem or stromal cells: a review of clinical
applications and manufacturing practices. Transfusion.
2014; 54:1418-37. https://doi.org/10.1111/trf.12421.

Maria OM, Kumala S, Heravi M, Syme A, Eliopoulos N,
Muanza T. Adipose mesenchymal stromal cells response to
ionizing radiation. Cytotherapy. 2016; 18:384-401. https://
doi.org/10.1016/j.jcyt.2015.12.001.

Alessio N, Capasso S, Di Bernardo G, Cappabianca S,
Casale F, Calarco A, Cipollaro M, Peluso G, Galderisi U.
Mesenchymal stromal cells having inactivated RB1 survive
following low irradiation and accumulate damaged DNA:
hints for side effects following radiotherapy. Cell Cycle.
2017; 16:251-8. https://doi.org/10.1080/15384101.2016.1
175798.

Vandevoorde C, Vral A, Vandekerckhove B, Philippe J,
Thierens H. Radiation sensitivity of human CD34(+) cells
versus peripheral blood T lymphocytes of newborns and
adults: DNA repair and mutagenic effects. Radiat Res.
2016; 185:580-90. https://doi.org/10.1667/RR14109.1.

Belyaev 1Y. Radiation-induced DNA repair foci: spatio-
temporal aspects of formation, application for assessment of
radiosensitivity and biological dosimetry. Mutat Res. 2010;
704:132-41. https://doi.org/10.1016/j.mrrev.2010.01.011.
Markova E, Schultz N, Belyaev IY. Kinetics and
dose-response of residual 53BP1/gamma-H2AX foci:
co-localization, relationship with DSB repair and
clonogenic survival. Int J Radiat Biol. 2007; 83:319-29.
https://doi.org/10.1080/09553000601170469.

Graeser M, McCarthy A, Lord CJ, Savage K, Hills
M, Salter J, Orr N, Parton M, Smith IE, Reis-Filho
JS, Dowsett M, Ashworth A, Turner NC. A marker of
homologous recombination predicts pathologic complete
response to neoadjuvant chemotherapy in primary breast
cancer. Clin Cancer Res. 2010; 16:6159-68. https://doi.
org/10.1158/1078-0432.CCR-10-1027.

Daley JM, Kwon Y, Niu H, Sung P. Investigations of
homologous recombination pathways and their regulation.
Yale J Biol Med. 2013; 86:453-61.

Rothkamm K, Barnard S, Moquet J, Ellender M, Rana Z,
Burdak-Rothkamm S. DNA damage foci: meaning and
significance. Environ Mol Mutagen. 2015; 56:491-504.
https://doi.org/10.1002/em.21944.

Mitrano TI, Grob MS, Carrion F, Nova-Lamperti E, Luz
PA, Fierro FS, Quintero A, Chaparro A, Sanz A. Culture and
characterization of mesenchymal stem cells from human
gingival tissue. J Periodontol. 2010; 81:917-25. https://doi.
org/10.1902/j0p.2010.090566.

Zorin VL, Komlev VS, Zorina Al, Khromova NV,
Solovieva EV, Fedotov AY, Eremin II, Kopnin PB.
Octacalcium phosphate ceramics combined with gingiva-
derived stromal cells for engineered functional bone

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

grafts. Biomed Mater. 2014; 9:055005. https://doi.
org/10.1088/1748-6041/9/5/055005.

Osipov AN, Grekhova A, Pustovalova M, Ozerov 1V,
Eremin P, Vorobyeva N, Lazareva N, Pulin A, Zhavoronkov
A, Roumiantsev S, Klokov D, Eremin 1. Activation of
homologous recombination DNA repair in human skin
fibroblasts continuously exposed to X-ray radiation.
Oncotarget. 2015; 6:26876-85. https://doi.org/10.18632/
oncotarget.4946. 4946.

Bee L, Fabris S, Cherubini R, Mognato M, Celotti L.
The efficiency of homologous recombination and non-
homologous end joining systems in repairing double-strand
breaks during cell cycle progression. PLoS One. 2013;
8:¢69061. https://doi.org/10.1371/journal.pone.0069061.
Varis A, Salmela AL, Kallio MJ. Cenp-F (mitosin) is more
than a mitotic marker. Chromosoma. 2006; 115:288-95.
https://doi.org/10.1007/s00412-005-0046-0.

Manda K, Kavanagh JN, Buttler D, Prise KM, Hildebrandt
G. Low dose effects of ionizing radiation on normal tissue
stem cells. Mutat Res Rev Mutat Res. 2014 Feb 22. https://
doi.org/10.1016/j.mrrev.2014.02.003.

Vitale I, Manic G, De Maria R, Kroemer G, Galluzzi L.
DNA damage in stem cells. Mol Cell. 2017; 66:306-19.
https://doi.org/10.1016/j.molcel.2017.04.006.

Niwa O, Barcellos-Hoff MH, Globus RK, Harrison JD,
Hendry JH, Jacob P, Martin MT, Seed TM, Shay JW, Story
MD, Suzuki K, Yamashita S; ICRP. ICRP Publication 131:
stem cell biology with respect to carcinogenesis aspects of
radiological protection. Ann ICRP. 2015; 44:7-357. https:/
doi.org/10.1177/0146645315595585.

Niwa O. Roles of stem cells in tissue turnover and radiation
carcinogenesis. Radiat Res. 2010; 174:833-9. https://doi.
org/10.1667/RR1970.1.

Shuryak I, Brenner DJ, Ullrich RL. Radiation-induced
carcinogenesis: mechanistically based differences between
gamma-rays and neutrons, and interactions with DMBA.
PLoS One. 2011; 6:¢28559. https://doi.org/10.1371/journal.
pone.0028559.

Schollnberger H, Mitchel RE, Crawford-Brown DIJ,
Hofmann W. Nonlinear dose-response relationships and
inducible cellular defence mechanisms. J Radiol Prot. 2002;
22:A21-5.

Kotenko KV, Bushmanov AY, Ozerov 1V, Guryev DV,
Anchishkina NA, Smetanina NM, Arkhangelskaya EY,
Vorobyeva NY, Osipov AN. Changes in the number of
double-strand DNA breaks in Chinese hamster V79 cells
exposed to gamma-radiation with different dose rates. Int
J Mol Sci. 2013; 14:13719-26. https://doi.org/10.3390/
ijms140713719.

Tichy ED, Pillai R, Deng L, Liang L, Tischfield J,
Schwemberger SJ, Babcock GF, Stambrook PJ. Mouse
embryonic stem cells, but not somatic cells, predominantly
use homologous recombination to repair double-strand

WWw

.impactjournals.com/oncotarget

64328

Oncotarget



48.

49.

DNA breaks. Stem Cells Dev. 2010; 19:1699-711. https://
doi.org/10.1089/s¢d.2010.0058.

Minakawa Y, Atsumi Y, Shinohara A, Murakami Y,
Yoshioka K. Gamma-irradiated quiescent cells repair
directly induced double-strand breaks but accumulate
persistent double-strand breaks during subsequent DNA
replication. Genes Cells. 2016; 21:789-97. https://doi.
org/10.1111/gtc.12381.

Liang X, So YH, Cui J, Ma K, Xu X, Zhao Y, Cai L, Li W.
The low-dose ionizing radiation stimulates cell proliferation
via activation of the MAPK/ERK pathway in rat cultured
mesenchymal stem cells. J Radiat Res. 2011; 52:380-6.

50. Li W, Wang G, Cui J, Xue L, Cai L. Low-dose radiation

51.

(LDR) induces hematopoietic hormesis: LDR-induced
mobilization of hematopoietic progenitor cells into
peripheral blood circulation. Exp Hematol. 2004; 32:1088-
96. https://doi.org/10.1016/j.exphem.2004.07.015.

Wei LC, Ding YX, Liu YH, Duan L, Bai Y, Shi M, Chen
LW. Low-dose radiation stimulates Wnt/p-catenin signaling,
neural stem cell proliferation and neurogenesis of the mouse
hippocampus in vitro and in vivo. Curr Alzheimer Res.
2012; 9:278-89.

www.impactjournals.com/oncotarget

64329

Oncotarget



