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Namur, Namur, Belgium, ° Environmental Risk and Health Unit, Flemish Institute for Technological Research (VITO), Mol,
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Stem cells contained within the dental mesenchymal stromal cell (MSC) population are
crucial for tissue homeostasis. Assuring their genomic stability is therefore essential.
Exposure of stem cells to ionizing radiation (IR) is potentially detrimental for normal
tissue homeostasis. Although it has been established that exposure to high doses
of ionizing radiation (IR) has severe adverse effects on MSCs, knowledge about the
impact of low doses of IR is lacking. Here we investigated the effect of low doses of
X-irradiation with medical imaging beam settings (<0.1 Gray; 900 mGray per hour), in
vitro, on pediatric dental mesenchymal stromal cells containing dental pulp stem cells
from deciduous teeth, dental follicle progenitor cells and stem cells from the apical
papilla. DNA double strand break (DSB) formation and repair kinetics were monitored
by immunocytochemistry of yH2AX and 53BP1 as well as cell cycle progression by flow
cytometry and cellular senescence by senescence-associated B-galactosidase assay
and ELISA. Increased DNA DSB repair foci, after exposure to low doses of X-rays,
were measured as early as 30 min post-irradiation. The number of DSBs returned to
baseline levels 24 h after irradiation. Cell cycle analysis revealed marginal effects of IR
on cell cycle progression, although a slight Go/M phase arrest was seen in dental pulp
stromal cells from deciduous teeth 72 h after irradiation. Despite this cell cycle arrest, no
radiation-induced senescence was observed. In conclusion, low X-ray IR doses (< 0.1
Gray; 900 mGray per hour), were able to induce significant increases in the number of
DNA DSBs repair foci, but cell cycle progression seems to be minimally affected. This
highlights the need for more detailed and extensive studies on the effects of exposure to
low IR doses on different mesenchymal stromal cells.

Keywords: dental stem cell, DNA damage response, DNA double strand break, low dose radiation exposure, cell
cycle, cellular senescence
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INTRODUCTION

Stem cells contained within the dental mesenchymal stromal
cell (MSCs) population are of paramount importance for tissue
homeostasis which are potentially important targets of ionizing
radiation (IR) exposure. They can accumulate genotoxic damage
following IR exposure, which is either repaired efficiently, or they
can accumulate irreversible damage. This irreversible damage can
trigger apoptosis or senescence, and misrepaired or unrepaired
DNA damage can persist and could potentially lead to malignant
transformation of the stem cells (1). Changes in the functionality
of MSCs could therefore be considered as a predictive indicator
for future health hazards (2, 3).

In 2000, Gronthos et al. identified and isolated odontogenic
progenitor cells from the dental pulp from adult patients (4).
These cells were dubbed dental pulp stem cells (DPSCs). In the
following years, several more types of dental stem cells were
described, such as the dental follicle stem cells (DFSCs), stem
cells from the apical papilla (SCAPs), pulp stem cells from
human exfoliated deciduous teeth (SHEDs), and periodontal
ligament stem cells (PDLSCs) (5-8). However, the International
Society for Cellular Therapy has prompt to define the isolation
of mesenchymal stem cells as non-clonal cultures of stromal
cells containing stem cells with different multipotent properties,
committed progenitors, and differentiated cells (9-11). An
overview of these cells and their potential use in dentistry is given
by Bansal and Jain (12).

Today, one of the greatest challenges in radiation protection
is unraveling the detrimental effects of exposure to low doses of
IR. This is important because people are exposed to low dose IR
on a daily basis, either from natural sources, or from man-made
sources, such as medical diagnostics (13). Although there are
epidemiological data on exposure to doses higher than 100 mGy
(e.g., from atomic bomb survivors, medically and occupationally
exposed populations and environmentally exposed groups), no
conclusive data exists on exposure to low doses of IR (14).
Currently, risk estimation for low dose exposure is based on
linear extrapolation from these high dose data. This model is
the famous linear-no-threshold (LNT) model (15-17). The LNT
model assumes that there is a linear relationship between IR dose
and the excessive cancer risk. When applying the LNT model,
the following is assumed: (1) that there is a linear relationship
between IR dose and the amount of radiation-induced DNA
double strand breaks (DSB), (2) that each DNA DSB has the
probability of inducing cellular transformations, and (3) that
each transformation has the same probability of resulting in
carcinogenesis (18). However, in the low dose range (<100
mGy), other phenomena than a linear response can occur. There
is evidence that low doses of IR could have beneficial effects,
such as hormesis and adaptive responses (19, 20). Hormesis
occurs when exposure to low IR doses produces a favorable
effect, whereas high IR doses result in detrimental effects (21).
Adaptive responses occur when a very low dose, or priming dose,
stimulates cells which results in increased resistance to a second,
larger dose of the same trigger at a later time point. This could
include the activation of genes associated with DNA damage
repair, stress scavenging, cell cycle control and apoptosis (19, 20).

DNA DSBs are the most crucial DNA lesions that are
associated with increased cancer risk and IR exposure. If
not repaired correctly, DSBs can cause genomic instability,
mutations, chromosome aberrations and translocations, and cell
death (22-25). To protect the DNA against these types of damage,
eukaryotes have developed the DNA damage response (DDR)
(24, 25). In short, cellular responses to IR-induced DNA DSBs
are triggered by the activation of the ataxia telangiectasia mutated
(ATM) kinase. The phosphorylation of histone H2AX on serine
139 (yH2AX) in the vicinity of the DNA DSB is one of the
earliest ATM-dependent responses, although other kinases are
also capable of phosphorylating histone H2AX on serine 139
(23, 26, 27). yH2AX forms so called DNA damage foci in the
nucleus, or in the case of IR-induced DNA damage “IR-induced
foci” (IRIF). In general, IRIF are distinct sub-nuclear structures
to which the DDR proteins re-localize. After phosphorylation,
yH2AX initiates a signaling cascade leading to the recruitment of
multiple DDR proteins, including tumor suppressor p53-binding
protein 1 (53BP1) (22, 24, 28, 29).

53BP1 is a known DNA DSB sensor and a mediator and
effector in the DDR to DSBs (24, 30, 31). Similar to YH2AX,
53BP1 has several functions in the DDR, such as recruitment of
DSB repair proteins, checkpoint signaling, determining the DSB
repair pathway and synapsis of distal DNA ends during non-
homologous end-joining (reviewed in Panier and Boulton) (30).

Evidence shows that both yH2AX and 53BP1 show a
quantitative relationship between the number of foci and the
number of DNA DSBs (24, 29, 32, 33). Although yH2AX is a
powerful tool to monitor DNA DSBs, artifacts do occur even
in the absence of DSBs (25). Both yH2AX and 53BP1 foci can
be visualized using immunofluorescence microscopy and are
detectable within minutes following exposure to IR (29, 34).
Therefore, using an immunostaining protocol for simultaneous
detection of yH2AX and 53BP1 allows for better estimation of
the amount of DSBs present and it reduces the impact of artifacts,
since it is known that yH2AX and 53BP1 co-localize in IRIF
(24, 35, 36).

DNA DSB could be efficiently repaired by the DDR, although
misrepair can occur. However, DNA DSBs could persist. This
could lead to cell cycle arrest, premature cellular senescence, or
apoptosis. As part of the DDR, cells halt their passage through
the cell cycle, allowing DDR proteins to repair DNA damage. If
this damage persists, the cell cycle could be irreversibly arrested.
This cell cycle arrest can occur in all phases of the cell cycle,
but it was found that most cells are most sensitive to IR-
induced DNA damage in the G,/M phase (37-39). Cellular
senescence is a state of irreversible growth arrest. This growth
arrest occurs in the G; phase of the cell cycle, therefore cellular
senescence is linked with changes in cell cycle progression.
A hallmark of senescent cells is the increased B-galactosidase
activity in comparison to normal cells. This can be detected
by the so-called X-gal assay, which is considered as the gold
standard for senescence testing (40, 41). Senescent cells also
display a senescence-associated secretory phenotype (SASP),
which consists of several chemokines, cytokines, and regulatory
factors. Some of these SASP factors are linked with IR exposure,
such as IL-6, IL-8, IGFBP-2, and IGFBP-3 (42, 43). IL-6 and
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IL-8 interact with their surface receptors, which initiates several
intracellular pathways. Besides that, they can both induce or
reinforce senescence in damaged cells in a paracrine/autocrine
manner (42, 43). IGFBP-2 and IGFBP-3 interact with insulin-like
growth factor (IGF). They sequester IGF so it cannot bind to its
receptor, which eventually leads to inhibition of cell proliferation
(44). It is known that premature cellular senescence can be caused
by several stresses, such as (persisting) DNA damage or reactive
oxygen species (45). It has been reported before that exposure to
(high) IR doses can cause premature cellular senescence. This was
observed both in mesenchymal stem cells and normal tissue cells
(46-51). For low doses of IR, data is more scarce (3, 52). Besides
senescence, quiescence is also an important process in stem cells.
Quiescence is characterized by a cell cycle arrest in the Go phase.
This phase is similar to the G; phase, however cells do not
progress into the S phase. Unlike senescence, quiescence is a state
of reversible growth arrest. Quiescence occurs in cells that require
a strict proliferation regime, such as stem cells. It allows stem cells
to assure genomic integrity until they are needed for tissue repair,
which is when they are stimulated to reprise the normal cell cycle
(53). Evidence on the effects of IR on quiescence in mesenchymal
stem cells are scarce (54, 55). Finally, cells can undergo apoptosis
or programmed cell death. Like premature cellular senescence, it
is a response to extensive cellular stress and mostly occurs when
DNA damage repair is slow and/or incomplete (56).

The aim of this study is to investigate the effects of low
dose X-ray exposure with medical imaging beam settings (< 100
mGy; 900 mGy/h) on SHED, DFSCs, and SCAPs extracted
from pediatric patients. DNA DSB formation and repair, cell
cycle progression, cellular quiescence, and cellular senescence
were monitored at several time points after exposure. Our data
evidences that, although low doses of IR induce significant
amounts of DNA DSBs, DNA damage is effectively repaired and
does not affect cell cycle progression, nor induces premature
cellular senescence in dental mesenchymal stromal cells.

MATERIALS AND METHODS

Ethical Approval for the Use of
Donor-Derived Dental Mesenchymal

Stromal Cells

The cells were gifted by Prof. Benjamin Salmon (Dental Medicine
Department of the Bretonneau Hospital (Paris, France). All
experiments and methods were performed in accordance with
relevant guidelines and regulations. All experimental protocols
were approved by a named institutional/licensing committee.
Ethical approval was obtained at the Comité d’Evaluation de
I'Ethique des projets de Reserche Biomédicale Paris Nord,
N°16-021 in France.

Culturing Dental Stem Cells

Three types of dental mesenchymal stromal cells from different
pediatric donors were used in this experiment: dental pulp
stem cells from deciduous teeth (SHED—3 donors), dental
follicle stem cells (DFSC—2 donors), and stem cells from the
apical papilla (SCAP—3 donors). These cells were extracted

TABLE 1 | Overview of dental stromal cell donors.

Age Gender
Donor 1 12 Male
Donor 2 11 Female
Donor 3 8 Female

from teeth as previously described (4, 5, 8). Yet, criteria
recommended by The International Society for Cellular Therapy
were not systematically verified and our findings rely on the
extensive expertise of Prof. Benjamin Salmon (57-61) First, teeth
were decontaminated using a povidone-iodine solution. Second,
they were sectioned and exposed pulp tissues were collected.
Third, their tissues were enzymatically digested using a type I
collagenase and dispase solution. Finally, the cells were ready to
be cultured. After extraction, the cells were seeded at a density of
10* cells per cm?. They were grown in Dulbecco’s Modified Eagle
Medium (DMEM) containing 1 g/l D-glucose, GlutaMAX™
and 10% fetal bovine serum (FBS) at 37°C with 5% CO, in a
humidified incubator. The medium was refreshed every 2-3 days.
At 70-80% confluence the cells were passaged and seeded again
at 10* cells per cm?, or frozen in liquid nitrogen for later use.
To be sure that the stem cells keep their phenotype, all stem
cells were used between passage 1 and 5. Once enough cells were
obtained they were seeded either into 8-chamber Labtek II slides
at 2 x 10* cells per well or in 24-well plates at 4 x 10% cells
per well (Greiner Bio-One, Frickenhausen, Germany) 24 h before
irradiation. Six wells in each Labtek were used, resulting in six
technical replicates. Each Labtek represented one time point per
dose. In the 24-well plates cells were seeded in triplicates. For
each cell type (SHED, SCAP, or DFSC), cells from three donor
children were used (N = 3). For each experiment, the cell type
from one donor child was considered as being one biological
replicate (Table 1).

X-irradiation Conditions

Samples were irradiated at the Belgian Nuclear Research Centre
(SCK CEN) with a XStrahl 320 kV Generator (Surrey, UK).
In this experimental design, it is of importance to mimic
commercially available Cone Beam Computed Tomography
devices as closely as possible. To this end X-rays with RQR9 beam
settings were used since it can be used to simulate entrance beams
used in diagnostic radiology. The X-ray tube used a tube voltage
of 120 kiloVolt and a current of 1.8 milliAmpere. The X-ray beam
was filtered by 2.9 mm of aluminum. Using these parameters low
doses and lower dose rates can be achieved which allows the
simulation of diagnostic examinations. Using a dose rate of 900
mGy per hour the samples were irradiated with doses of 100 +
1.9,50 +0.9,20 £ 0.38, 10 = 0.19, and 5 £ 0.10 mGy.

Immunocytochemical Staining for yH2AX
and 53BP1

At specific time points after irradiation exposure (0.5, 1, 4, and
24h) the culture medium was removed from the Labteks™
(Nunc™, ThermoFisher Scientific, Waltham, MA, USA). Then
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the cells were washed twice using 1x phosphate buffered saline
(PBS). After washing, they were fixed in 2% paraformaldehyde
(PFA) in 1x PBS for at least 15 min at room temperature (RT).
Next the PFA was removed and the cells were washed twice
with 1x PBS.

Fixed stem cells were double stained for yH2AX and 53BPI,
both markers for DNA DSBs. The 1x PBS was removed and
then the cells were permeabilized by incubating them in 0.25%
Triton X-100 in 1x PBS for 3min at RT. Then the cells
were washed three times in 1x PBS on a rocking platform.
Next the cells were blocked in pre-immunized goat serum
(PIG). The PIG was diluted (1:5) in Tris-HCI - NaCl blocking

buffer (50 mM Tris-HCI, 150 mM NaCl, 0.1% Tween 20, 0.5%
blocking reagent (FP1012, Perkin Elmer) (TNB). The cells
were blocked for 1h at RT on a rocking platform, during
which the primary antibody solution was prepared. Primary
antibodies were diluted in TNB, the mouse anti-human yH2AX
monoclonal antibody (05-636, Millipore, Massachusetts, USA)
was diluted 1:300 and the rabbit anti-human 53BP1 polyclonal
antibody (NB100-304, Novus Biological, Abingdon, UK) was
diluted 1:1,000. After blocking, the cells were incubated with the
primary antibody solution for 1 h at 37°C on a rocking platform.
After incubation, the cells were washed three times using 1x
PBS. Next the secondary antibody solution was prepared. An

A
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FIGURE 1 | DNA double strand break formation and repair kinetics. (A) Dental pulp stromal cells from deciduous teeth show a significantly increased number of DNA
double strand breaks following irradiation with 50 and 100 mGy 30 min and 1 h after radiation exposure. (B) The number of co-localized foci, observed in stromal cells
from the apical papilla after exposure to 100 mGy, was significantly increased compared to 0 mGy 30 min, 1 and 4 h after irradiation (P < 0.0001, P < 0.0001, P =
0.0267, respectively). 50 mGy irradiated samples showed more foci 30 min and 1 h p.i (P = 0.0018, P = 0.0004, respectively). (C) In dental follicle stromal cells, more
foci were observed 30 min, 1 and 4 h after exposure to 100 mGy (P < 0.0001, P < 0.0001, P = 0.0374, respectively). Thirty minutes and one hour after exposure to
50 mGy and 30 min after exposure to 20 mGy the amount of co-localized foci was increased as well in DFSC (P < 0.0001, P = 0.0015, P = 0.0030, respectively). The
number of foci returns to control levels 24 h after irradiation. (D-G) Representative image from stromal cells from the apical papilla taken 60 min after irradiation with
100 mGy. The nucleus (D) shows five clear yH2AX (E) and 53BP1 (F) foci, which co-localize (G). *P < 0.05; **P < 0.001; ****P < 0.0001.
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Alexa fluor 488-labeled goat anti-mouse antibody (A11001, Life
Technologies, Oregon, USA) and an Alexa fluor 568-labeled goat
anti-rabbit antibody (A11011, Life Technologies, Oregon, USA)
were diluted 1:300 and 1:1,000 in TNB, respectively. The cells
were incubated with the secondary antibody solution for another
hour at 37°C on a rocking platform. After this final incubation
step, the cells were washed twice using 1x PBS. Next the
chambers were removed from the Labteks®. Then the samples
were mounted using Prolong® Diamond Antifade Mountant
with 4)6-diamidino-2-phenylindole (DAPI) (P36962, Molecular
Probes™ by Life Technologies, Oregon, USA) as nuclear counter
stain. After mounting, the samples were stored at —20°C
until imaging.

Images were acquired with a Nikon Eclipse Ti fluorescence
microscope using a 40x dry objective (Nikon, Tokyo, Japan).
Per technical replicate (n = 6 = number of chamber of a
Labtek™ used) at least 250 cells were counted. Afterwards,
the images were analyzed using Fiji open source software
(62). Fiji allows for analysis of each separate nucleus based
on the DAPI signal. Within each nucleus, the intensity signal
for the Alexa fluorophores were analyzed, after which the
number of co-localized YH2AX and 53BP1 foci per nucleus were
determined in a fully automated manner by using the Cellblocks
tool (63).

Cell Cycle Analysis

Cell cycle analysis was performed 1, 4, 24, and 72h after
X-irradiation as described before (46). In short, dental stem
cells were treated with 10 uM of BrdU for 1h. Afterwards,
the cells were fixed with ice-cold 70% ethanol and stored for
a minimum of 24h. Next, the cells were permeabilized and
stained with rat anti-BrdU antibody, diluted 1 in 600 (AB6326,
Abcam, Cambridge, UK). They were also stained with 10 pug/ml
of a 7-amino-actinomycin D (7-AAD) solution (Sigma-Aldrich).
Samples were analyzed on a BD Accuri C6 flow cytometer, with

TABLE 2 | Linear dose response relationship of co-localized yH2AX and 53BP1
foci in dental stromal cells.

Cell type Time after Slope R*-value P-value
irradiation (foci/mGy)
Dental pulp stromal cells from 30 min 0.020 0.97 0.0003
deciduous teeth 1h 0022 099  <0.0001
(SHEDs)
4h 0.008 0.96 0.0005
24h —0.002 0.18 0.40
Dental follicle stromal cells 30min 0.026 0.99 <0.0001
(DFSCs) 1h 0020  0.91 0.003
4h 0.008 0.75 0.025
24h —0.0001 0.013 0.83
Stromal cells from the apical 30min 0.019 0.98 0.0002
papilla 1h 0.022 0.99 <0.0001
(SCAPS)
4h 0.009 0.94 0.0012
24h 0.005 0.47 0.13

a maximum flow speed of 300 events per second. At least 20,000
cells were counted per sample.

Quiescence Assay

Gy phase cells were identified 1, 4, 24, and 72 h after X-irradiation
using a quiescence assay. Dental stem cells were fixed with ice-
cold 70% ethanol following X-irradiation. Next, the cells were
washed twice with 5% FBS (Gibco, Massachusetts, USA) and
0.25% Triton X-100 (Sigma-Aldrich, Missouri, USA) in 1x PBS
(PFT). Next, the cells were stained with 10 jLg/ml 7-AAD (A9400-
IMG, Sigma-Aldrich, Missouri, USA) and 0.4 jug/ml pyronin Y
(83200-5G, Sigma-Aldrich, Missouri, USA) for 20 min at RT.
Samples were analyzed on a BD Accuri C6 flow cytometer, with
a maximum flow speed of 300 events per second. At least 20,000
cells were counted per sample (64).

f-galactosidase Assay

Senescence was assessed 1, 3, 7, and 14 days after X-irradiation
using the senescence-associated f-galactosidase assay (ab65351,
Abcam, Cambridge, UK) (41). Cells were fixed for 15 min at RT
using the fixative solution provided with the kit. Next the cells
were washed twice with 1x PBS. Then, the cells were stained
with 1 mg/ml X-gal solution at 37°C for 18 h. Afterwards, the
staining was stopped by adding 1 M Na,COs. Next, the cells were
incubated for 1h at RT with a Giemsa dye, diluted 1:50 in 0.2 M
acetate buffer (pH = 3.36). Finally, the cells were washed twice
with Milli-Q water and allowed to air dry. At least 300 cells
per sample were analyzed using a Nikon Eclipse Ti bright field
microscope using a 5x dry objective (Nikon, Tokyo, Japan).

Enzyme-Linked Immunosorbent Assay:
IL-6, IL-8, IGFBP-2, and IGFBP-3

For senescence assays on cytokine secretion, supernatant was
collected 1, 3, 7, and 14 days following irradiation. Dental stem
cells were grown in 12-well plates. One milliliter of medium
was collected at each time point. After the supernatant was
collected, the cells were collected and counted by microscope.
Supernatant samples were used for the ELISA for the detection
of IL-6, IL-8, IGFBP-2, and IGFBP-3. ELISA was performed
following manufacturer’s instructions (DY206, DY208, DY674,
and DY675, R&D Systems). Briefly, 96-well plates were coated
overnight with a capture antibody. Next, the wells were washed
with washing buffer. Blocking buffer was added and the plate
was incubated for 1h at RT. After blocking, the plate was
washed one with washing buffer. Next, the supernatant was
added and incubated for 2h at RT. The plate was washed
again, after which the detection antibodies were added and the
plate was incubated for 2h at RT. Next, the plate was washed
with washing buffer and a streptavidin-horse radish peroxidase-
labeled antibody was added and the plate was incubated
for 20min in the dark at RT. Then, the plate was washed
with washing buffer. Next, the substrate solution was added
and the plate was incubated for 20 min in the dark at RT.
Afterwards, 2M H,SO4 was added to stop the substrate
reaction. The optical density was measured at 450 nm and
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570 nm using a spectrophotometer (CLARIOstar, BMG Labtech,
Offenburg, Germany).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8.0.0
(GraphPad Software Inc., San Diego, USA). Graphs show mean
=+ standard error of the mean. Two-way analysis of variance
followed by post-hoc tests was performed to analyse both
time- and dose-dependent effects. P < 0.05 was considered
statistically significant.

RESULTS

Exposure to Low Doses of X-rays Induces
DSBs and Activates the DNA Damage
Response in Dental Mesenchymal Stromal
Cells

DNA DSB formation and repair kinetics were monitored in
dental mesenchymal stromal cells (SHED, DFSC, and SCAP),

that were isolated from pediatric donors, by microscopic analysis
of co-localized yH2AX and 53BP1 foci (N = 3). The number of
co-localized foci was determined 30 min, 1, 4, and 24 h after X-
irradiation with 0, 5, 10, 20, 50, and 100 mGy (dose rate: 900
mGy/h; Figure 1). The number of co-localized foci increased
with increasing radiation dose. Typically, the peak response was
seen between 30 and 60 min post-irradiation. After this period,
the number of foci decreased until baseline levels were reached
24 h after exposure. More specifically, in SHED, exposure to 100
mGy induced significantly more co-localized foci 30 min and
1h after irradiation compared to control cells (0 mGy) (P <
0.0001). A dose of 50 mGy also resulted in more co-localized
foci 1 h after irradiation compared to 0 mGy (P = 0.0303). In the
SCAPs, the number of co-localized foci, observed after exposure
to 100 mGy, was significantly increased compared to 0 mGy
30 min, 1 and 4 h after irradiation (P < 0.0001, P < 0.0001, P =
0.0267, respectively). Furthermore, compared to control samples,
50 mGy irradiated samples showed more foci 30 min and 1h p.i
(P = 0.0018, P = 0.0004, respectively) and 20 mGy irradiated
samples showed more foci 1h after irradiation (P = 0.0416). In
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FIGURE 2 | Cell cycle analysis of dental pulp stromal cells from deciduous teeth. Dental pulp stromal cells from deciduous teeth (SHEDs) show a significantly
decreased number of G1/Gp phase cells 72 h following X-irradiation with 100 mGy. Coincidently, a significant increase in the number of Go/M phase cells was
observed. *P < 0.05.
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DFSC, more YH2AX and 53BP1 co-localized foci were observed
30 min, 1h and 4 h after exposure to 100 mGy (P < 0.0001, P <
0.0001, P = 0.0374, respectively). Thirty minutes and one hour
after exposure to 50 mGy and 30 min after exposure to 20 mGy
the amount of co-localized foci was increased as well in DFSC
(P < 0.0001, P =0.0015, P = 0.0030, respectively). Furthermore,
linear regression plots show a linear dose response 30 min, 1h
and 4h after irradiation. Moreover, the slope decreased over
time returning to a constant basal response 24 h after irradiation.
Our linear regression analysis also resulted in a slope of about
0.020 DNA DSBs per mGy (Table 2). No difference in radiation
sensitivity was observed between the different stromal cell types.

Cell Cycle Progression Is Not Influenced by
Low Doses of X-rays in Dental

Mesenchymal Stromal Cells
Analysis of the percentage of cells that reside in a specific phase
of the cell cycle has revealed that exposure to low doses of
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FIGURE 3 | Dose response of the percentage of G phase dental pulp stromal
cells from deciduous teeth and stromal cells from the apical papilla following
low dose X-irradiation. The percentage of Go phase cells is plotted against the
time after X-irradiation. Significances are summarized in the Table 3.

X-rays (< 100 mGy; 900 mGy/h) does not induce major cell
cycle changes in dental stromal cells (SHEDs sand SCAPs) (N
= 3 for each cell type), while a high dose of 2Gy of X-rays does
(500 mGy/min; Supplementary Figure 1). Except for a slightly
reduced number of G;/Gy phase cells 72h after irradiation in
SHED (P = 0.019) and a slight increase in G/M phase cells
72h after irradiation in SHED (P = 0.040) following a dose
of 100 mGy, no changes were observed (Figure2). We did
observe that the amount of G;/Gy phase cells increases over
time, whereas the amount of S- and G,/M phase cells decreases
over time, with almost no more cells in the S-phase after 72h.
Positive controls after exposure to 2 Gy of X-rays can be found in
Supplementary Figure 1.

Low Dose X-irradiation Rapidly Decreases

the Amount of Quiescent Cells

The effect of exposure to low doses of X-rays on cellular
quiescence, determined by measuring the percentage of Gy phase
cells, was most pronounced 1h after irradiation with 100 mGy.
This was observed in SHEDs and SCAPs (N = 3). However,
SHEDs showed still significant dose-dependent decreases in the
percentage of quiescent cells 4 and 72 h after irradiation (Figure 3
and Table 3). In SCAPs, only a decrease was seen 1h after
irradiation with 100 mGy (P = 0.030). It was also observed that
the number of Gy decreased significantly over time (Figure 3 and
Table 3).

Low Dose Radiation Does Not Induce
Premature Senescence in Dental

Mesenchymal Stromal Cells

Enzyme-linked immunosorbent assay (ELISA) for SASP markers
IL-6, IL-8, IGFBP-2, and IGFBP-3 showed no signs of radiation-
induced premature cellular senescence in SHEDs, DFSCs, and
SCAPs up to 14 days after exposure (N = 3 for each cell type).
Although the values for IL-6 and IL-8 in SHEDs increased
significantly 14 days after irradiation exposure, this was mostly
due to the time in culture, rather than a radiation-induced effect
(Ptime = 0.006 and Py, = 0.004, respectively). Levels of IGFBP-
2 in SHEDs showed changes over time, but overall there was a
decreasing trend, which was not influenced by radiation dose

TABLE 3 | Significant differences in the percentage of quiescent cells in dental
stromal cells.

Comparison Dental pulp stromal Stromal cells from

cells from the apical papilla
deciduous teeth (P-value)

(P-value)

1 h:CTRL vs. 50 mGy 0.0107 N.A.

1 h:CTRL vs. 100 mGy <0.0001 0.0296

1 h:20 mGy vs. 100 mGy 0.0011 N.A.

4 h:CTRL vs. 50 mGy 0.0072 N.A.

4 h:CTRL vs. 100 mGy 0.0064 N.A.

72 h: CTRL vs. 100 mGy 0.0025 N.A.

72 h:20 mGy vs. 100 mGy 0.0145 N.A.
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(Ptime = 0.022). Finally, in SHEDs, IGFBP-3 showed a time
dependent increase (Pyj,e = 0.005; Figure 4).

The data from SASP markers were confirmed by the
p-galactosidase assay (41). Data from dental stromal cells show
that there is an increase in the percentage of senescent cells, but
this increase is time-dependent. Low dose radiation exposure
(<100 mGy; 900 mGy/h) does not induce cellular senescence in
SHEDs, DFSCs, and SCAPs (N = 3 for each cell type; Figure 5).

DISCUSSION

Determining the biological effects of low dose IR exposure is
currently the greatest challenge in radiation protection. We
aimed to investigate the DDR and its consequences in human
dental mesenchymal stromal cells (i.e., SHEDs, DFSCs, and
SCAPs) after exposure to X-ray doses with the use of medical
imaging beam settings (<100 mGy; 900 mGy/h). SHEDs, DFSCs,
and SCAPs are dental mesenchymal stromal cells defined as

non-clonal cultures of stromal cells containing stem cells with
different multipotent properties, committed progenitors, and
differentiated cells. MSCs support the maintenance of other cells,
and the capacity of MSCs to differentiate into several cell types
makes the cells unique and full of possibilities (65). Therefore,
maintaining the genetic stability of MSCs is of paramount
importance. MSCs can accumulate genotoxic damage following
IR exposure, which is either repaired efficiently, or they can
accumulate irreversible damage. This persisting damage could
lead to malignant transformation of the stem cells (1).

The formation and repair kinetics of DNA DSBs was
monitored via yH2AX/53BP1 immunostaining. Additionally, the
impact of low dose radiation on cell cycle progression, cellular
quiescence and premature cellular senescence were investigated.
We report a significant increase in the amount of DNA DSBs
30min and 1h after low dose IR exposure (<100 mGy; 900
mGy/h). As y-H2AX foci may not always be associated with
DNA DSB, co-localization with repair proteins 53BP1 has thus
been used to further optimize the sensitivity of DNA DSB
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FIGURE 5 | B-galactosidase assay in dental mesenchymal stromal cells. The

percentage of senescent cells are indicated as normalized to the levels of the

control samples at day 1 post-irradiation. Two-way analysis of variance shows
that time after exposure is the major contributor to the observed effects (Piime

< 0.0001 for all cell types).

quantification (66, 67). Repair kinetics clearly showed that the
number of DSBs in dental stromal cells returned to baseline levels
24h after IR exposure. Despite the DNA DSBs being repaired,

there is a possibility that misrepair has occurred as a consequence
of non-homologous end joining (68, 69). Furthermore, a slight
G2/M phase arrest was seen 72 h after irradiation in SHEDs, but
not in SCAPs or DFSCs. Next, IR exposure resulted in reduced
levels of Gq cells in SHEDs and SCAP. However, in SCAP the
decrease was only statistically significant 1 h after irradiation and
only for irradiation with 100 mGy. For SHEDs, on the other
hand, also 4 and 72h after irradiation a statistically significant
decrease was observed. Finally, low dose X-ray exposure (<100
mGy; 900 mGy/h) did not result in radiation-induced premature
senescence in SHEDs, DFSCs, and SCAPs.

It is well-known that exposure to X-rays can induce
DNA DSBs, which are considered very harmful because
unrepaired/misrepaired DSBs could result in mutations,
chromosome rearrangements/aberrations, and loss of genetic
information (28, 66, 70, 71). Our results show that exposure to
low dose IR with medical imaging beam settings (< 100 mGy;
900 mGy/h) induces significant increases in the number of
DNA DSBs in dental mesenchymal stromal cells 30-60 min after
irradiation (72). Similar results have been reported in human
mesenchymal stem cells before (3, 47, 73-77). However, some
studies report a persistent increase of yH2AX foci up to 48h
after irradiation, which was not observed in our study (3, 73, 74).
Linear regression analysis showed that the number of DNA
DSBs increases linearly with the IR dose. The slopes in SHEDs,
DFSCs and SCAPs ranged from 0.019 to 0.026 DNA DSBs per
mGy. This is equivalent to 19-26 DNA DSBs per Gy, which is
consistent with data published previously (24, 78-81).

The formed DNA DSBs did not affect cell cycle progression
in SCAPs, but we did observe a slight G,/M phase arrest in
SHEDs 72 h following 100 mGy exposure. Although this increase
was minimal, it was statistically significant. This is in line with
previous publications indicating that cells exhibit G,/M phase
arrest following exposure to high IR doses (37-39, 47). However,
there are data indicating that exposure to high doses of IR results
in G arrest in mesenchymal stem cells (75). Furthermore, the
lack of cell cycle changes in SCAPs is in line with data from
Kurpinski et al., who also observed no changes in cell cycle
distribution in bone marrow mesenchymal stem cells following
X-irradiation with 100 mGy (82). Our data, taken together with
data from literature, indicate that the effect of X-irradiation on
cell cycle progression is cell type dependent.

Our cell cycle data reveal minimal changes in the G;/Gg phase
of the cell cycle. However, our data show for the first time a
significant decrease in the amount of quiescent or Gy phase cells
in SHEDs 72 h after X-irradiation with 100 mGy (dose rate: 900
mGy/h). This would indicate that if the amount of G1/Gy phase
remains constant, but the amount of Gy phase cells decreases,
that the amount of G; phase cells increase proportionally to the
decrease of Go phase cells. This indicates that low doses of IR
stimulate SHEDs to re-enter the cell cycle. It has been described
that certain extrinsic stresses such as IR-induced reactive oxygen
species, which are generated by radiolysis of water following IR
exposure, can stimulate stem cell to re-enter the cell cycle (83).
This could, at least partly, explain our observations.

Finally, we did not observe radiation-induced -cellular
senescence following exposure to low doses of IR except for
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SHEDs where a slight increase in G/M arrest was observed
72h after irradiation with 100 mGy (dose rate: 900 mGy/h).
However, our data clearly showed a time-dependent induction
of senescence. This was seen both in results from the X-gal
assay, which is considered the gold standard, as in analysis of
the SASP. It has been reported before that high doses of IR
can induce cellular senescence in mesenchymal stem cells (47—
49, 51, 84). However, evidence of low dose IR-induced senescence
is scarce (3, 85) and contradict our data. On the other hand,
there are studies that support our findings (74, 86). Due to these
contradicting data and the fact that low dose radiation-induced
senescence is poorly investigated, it is impossible to conclude at
this time whether low doses of IR do cause cellular senescence
in these cell or not. More detailed studies on this matter are
warranted (13).

In addition, future research from our study would benefit from
the investigation of cell apoptosis and cell proliferation. Indeed,
analysis of cell apoptosis would increase our understanding if
after DNA damage the processes of cell death are triggered
or not. Analysis of cell proliferation would confirm the results
shown with the analysis of the cell cycle and could highlight
a possible change in proliferation as a result of DNA damage.
Other techniques for investigating cellular senescence, such as
looking at different protein levels by Western Blotting, would
clarify the relationship between senescence and cell cycle status
after low dose IR. Differentiation potential after low dose IR
exposure would also be an additional point to investigate. In
conclusion, we found that exposure of dental mesenchymal
stromal cells to low doses of X-rays with medical imaging
beam settings (<100 mGy; 900 mGy/h) results in the induction
of DNA DSBs and that the number of DNA DSBs increases
linearly with the radiation dose. After 24h, these DNA DSBs
are efficiently repaired and returned to baseline levels. Yet, how
these initial DNA DSBs affects long-term functionality of dental
mesenchymal stromal cells is inconclusive. We report for the first
time, to the best of our knowledge, that exposure to low IR doses
results in an acute dose-dependent decrease in the number of
quiescent SHEDs and SCAPs, which is still observed 72 h after
irradiation after X-irradiation in SHEDs. However, we did not
find adverse effects on cell cycle progression. No persistent cell
cycle changes, nor induction of premature cellular senescence
were observed. Although this is in line with previous studies,
there are also studies indicating that low doses of IR, albeit
with different beam qualities, can cause cell cycle arrest and
senescence. Our data highlight the need for more detailed and
extensive studies on the effects of exposure to low doses of IR as
used in CBCTs.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Comité d’Evaluation de I'Ethique des projets de
Reserche Biomédicale Paris Nord. Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.

AUTHOR CONTRIBUTIONS

NB was the principle author of the paper, conducted all
experiments, and analyses described in this manuscript. LG aided
NB in performing experiments and analyses described in the
manuscript, and critically reviewed the manuscript. JW aided
NB in performing experiments and analyses described in the
manuscript, and critically reviewed the manuscript. RV aided
NB in performing experiments described in the manuscript,
and critically reviewed the manuscript. BS contributed to design
of the experiments, revised the manuscript, and approved its
publication. SB contributed to the conception of the study and to
revision the manuscript and approved its publication. SL is the
university co-director of NB, critically revised the manuscript,
and approved its publication. RJ contributed to the conception,
design of the experiments, lead of the DIMITRA study, critically
revised the manuscript, and approved its publication. IL is the
university director of NB, critically revised the manuscript and
approved its publication. MM aided NB in performing analyses,
the interpretation thereof, contributed to the conception, design
of the experiments, responsible of the experiments that were
performed, and critically revised the manuscript and approved
its publication. BB helped with data interpretation, scientific
guidance and preparation of the manuscript. All authors
contributed to the article and approved the submitted version.

ACKNOWLEDGMENTS

The DIMITRA Research Group that contributed to this paper
consists of N. Belmans, M. Moreels, S. Baatout, B. Salmon, A.
C. Oenning, C. Chaussain, C. Lefevre, M. Hedesiu, P. Virag, M.
Baciut, M. Marcu, O. Almasan, R. Roman, A. Porumb, C. Dinu,
H. Rotaru C. Ratiu, O. Lucaciu, B. Crisan, S. Bran, G. Baciut, R.
Jacobs, H. Bosmans, R. Bogaerts, C. Politis, A. Stratis, R. Pauwels,
K. de F. Vasconcelos, L. Nicolielo, G. Zhang, E. Tijskens, M.
Vranckx, A. Ockerman, E. Claerhout, E. Embrechts.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.
2021.584484/full#supplementary-material

Supplementary Figure 1 | Cell cycle response of the dental stromal cells
following 2 Gy X-irradiation. *P < 0.05, **P < 0.01, **P < 0.001, ***f < 0.0001.

Frontiers in Public Health | www.frontiersin.org

February 2021 | Volume 9 | Article 584484


https://www.frontiersin.org/articles/10.3389/fpubh.2021.584484/full#supplementary-material
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Belmans et al.

DDR in Mesenchymal Stromal Cells

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Rando TA. Stem cells, ageing and the quest for immortality. Nature. (2006)

441:1080-6. doi: 10.1038/nature04958

. Prise KM, Saran A. Concise review: stem cell effects in radiation risk. Stem

Cells. (2011) 29:1315-21. doi: 10.1002/stem.690

. Alessio N, Del Gaudio S, Capasso S, Di Bernardo G, Cappabianca S, Cipollaro

M, et al. Low dose radiation induced senescence of human mesenchymal
stromal cells and impaired the autophagy process. Oncotarget. (2015) 6:8155-
66. doi: 10.18632/oncotarget.2692

. Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal human dental

pulp stem cells (DPSCs) in vitro and in vivo. Proc Natl Acad Sci USA. (2000)
97:13625-30. doi: 10.1073/pnas.240309797

. Miura M, Gronthos S, Zhao M, Lu B, Fisher LW, Robey PG, et al. SHED: stem

cells from human exfoliated deciduous teeth. Proc Natl Acad Sci USA. (2003)
100:5807-12. doi: 10.1073/pnas.0937635100

. Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, Brahim J, et al.

Investigation of multipotent postnatal stem cells from human periodontal
ligament. Lancet. (2004) 364:149-55. doi: 10.1016/S0140-6736(04)16627-0

. Morsczeck C, Gotz W, Schierholz ], Zeilhofer E Kuhn U, Mohl C, et al.

Isolation of precursor cells (PCs) from human dental follicle of wisdom teeth.
Matrix Biol. (2005) 24:155-65. doi: 10.1016/j.matbio.2004.12.004

. Sonoyama W, Liu Y, Yamaza T, Tuan RS, Wang S, Shi S, et al

Characterization of the apical papilla and its residing stem cells from
human immature permanent teeth: a pilot study. J Endod. (2008) 34:166-71.
doi: 10.1016/j.joen.2007.11.021

. Viswanathan S, Shi Y, Galipeau J, Krampera M, Leblanc K, Martin I,

et al. Mesenchymal stem versus stromal cells: International Society for
Cell & Gene Therapy (ISCT®) Mesenchymal Stromal Cell committee
position statement on nomenclature. Cytotherapy. (2019) 21:1019-24.
doi: 10.1016/j.jcyt.2019.08.002

Horwitz EM, Le Blanc K, Dominici M, Mueller I, Slaper-Cortenbach I, Marini
FC, et al. Clarification of the nomenclature for MSC: The International
Society for Cellular Therapy position statement. Cytotherapy. (2005) 7:393-5.
doi: 10.1080/14653240500319234

Squillaro T, Peluso G, Galderisi U. Clinical trials with mesenchymal
stem cells: an update. Cell Transplant. (2016)  25:829-48.
doi: 10.3727/096368915X689622

Bansal R, Jain A. Current overview on dental stem cells applications
in regenerative dentistry. ] Nat Sci Biol Med. (2015) 6:29-34.
doi: 10.4103/0976-9668.149074

Squillaro T, Galano G, De Rosa R, Peluso G, Galderisi U. Concise review: the
effect of low-dose ionizing radiation on stem cell biology: a contribution to
radiation risk. Stem Cells. (2018) 36:1146-53. doi: 10.1002/stem.2836
UNSCEAR. UNSCEAR 2006. Report to the General Assembly with Scientific
Annexes. Effects of Ionizing Radiation. Volume I Report and Annexes A and
B (2008).

Martin LM, Marples B, Lynch TH, Hollywood D, Marignol L. Exposure to
low dose ionising radiation: molecular and clinical consequences. Cancer Lett.
(2013) 338:209-18. doi: 10.1016/j.canlet.2013.05.021

Ruhm W, Eidemuller M, Kaiser JC. Biologically-based mechanistic models of
radiation-related carcinogenesis applied to epidemiological data. Int ] Radiat
Biol. (2017) 93:1093-117. doi: 10.1080/09553002.2017.1310405

Ruhm W, Woloschak GE, Shore RE, Azizova TV, Grosche B, Niwa O,
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.
doi: 10.1007/s00411-015-0613-6

Tubiana M, Feinendegen LE, Yang C, Kaminski JM. The linear no-threshold
relationship is inconsistent with radiation biologic and experimental data.
Radiology. (2009) 251:13-22. doi: 10.1148/radiol.2511080671

Tang FR, Loke WK. Molecular mechanisms of low dose ionizing
radiation-induced hormesis, adaptive responses, radioresistance, bystander
effects, and genomic instability. Int | Radiat Biol. (2015) 91:13-27.
doi: 10.3109/09553002.2014.937510

Tang FR, Loganovsky K. Low dose or low dose rate ionizing radiation-
induced health effect in the human. J Environ Radioact. (2018) 192:32-47.
doi: 10.1016/j.jenvrad.2018.05.018

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Mattson MP. Hormesis Rev. 7:1-7.
doi: 10.1016/j.arr.2007.08.007

Kinner A, Wu W, Staudt C, Iliakis G. Gamma-H2AX in recognition and
signaling of DNA double-strand breaks in the context of chromatin. Nucleic
Acids Res. (2008) 36:5678-94. doi: 10.1093/nar/gkn550

Rothkamm K, Horn S. gamma-H2AX as protein biomarker for radiation
exposure. Ann Ist Super Sanita. (2009) 45:265-71.

Asaithamby A, Chen DJ. Cellular responses to DNA double-strand breaks
after low-dose gamma-irradiation. Nucleic Acids Res. (2009) 37:3912-23.
doi: 10.1093/nar/gkp237

Ciccia A, Elledge SJ. The DNA damage response: making it safe to play with
knives. Mol Cell. (2010) 40:179-204. doi: 10.1016/j.molcel.2010.09.019

Rybak P, Hoang A, Bujnowicz L, Bernas T, Berniak K, Zarebski M, et al. Low
level phosphorylation of histone H2AX on serine 139 (gammaH2AX) is not
associated with DNA double-strand breaks. Oncotarget. (2016) 7:49574-87.
doi: 10.18632/oncotarget.10411

Fernandez-Capetillo O, Chen HT, Celeste A, Ward I, Romanienko PJ, Morales
JC, et al. DNA damage-induced G2-M checkpoint activation by histone H2AX
and 53BP1. Nat Cell Biol. (2002) 4:993-7. doi: 10.1038/ncb884

D. K. Maurya TPAD. Role of radioprotectors in the inhibition of DNA damage
and modulation of DNA repair after exposure to gamma-radiation. In: Chen
CC, editor. Selected Topics in DNA Repair. Rijeka: InTech (2011). p. 483-96.
Goodarzi AA, Jeggo PA. Irradiation induced foci (IRIF) as a
biomarker for radiosensitivity. Mutat Res. (2012)  736:39-47.
doi: 10.1016/j.mrfmmm.2011.05.017

Panier S, Boulton SJ. Double-strand break repair: 53BP1 comes into focus. Nat
Rev Mol Cell Biol. (2014) 15:7-18. doi: 10.1038/nrm3719

Huyen Y, Zgheib O, Ditullio RA, Jr., Gorgoulis VG, Zacharatos P, et al.
Methylated lysine 79 of histone H3 targets 53BP1 to DNA double-strand
breaks. Nature. (2004) 432:406-11. doi: 10.1038/nature03114

Sedelnikova OA, Rogakou EP, Panyutin IG, Bonner WM. Quantitative
detection of (125)IdU-induced DNA double-strand breaks with gamma-
H2AX antibody. Radiat Res. (2002) 158:486-92. doi: 10.1667/0033-7587
(2002) 158[0486:QDOIID]2.0.CO;2

Panier S, Durocher D. Regulatory ubiquitylation in
to DNA double-strand breaks. DNA Repair. (2009)
doi: 10.1016/j.dnarep.2009.01.013

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. doi: 10.1002/em.21944

Horn S, Barnard S, Brady D, Prise KM, Rothkamm K. Combined analysis
of gamma-H2AX/53BP1 foci and caspase activation in lymphocyte subsets
detects recent and more remote radiation exposures. Radiat Res. (2013)
180:603-9. doi: 10.1667/RR13342.1

de Feraudy S, Revet I, Bezrookove V, Feeney L, Cleaver JE. A minority of foci
or pan-nuclear apoptotic staining of gammaH2AX in the S phase after UV
damage contain DNA double-strand breaks. Proc Natl Acad Sci USA. (2010)
107:6870-5. doi: 10.1073/pnas.1002175107

Pawlik TM, Keyomarsi K. Role of cell cycle in mediating sensitivity
to radiotherapy. Int ] Radiat Oncol Biol Phys. (2004) 59:928-42.
doi: 10.1016/j.ijrobp.2004.03.005

Santivasi WL, Xia F. Ionizing radiation-induced DNA damage, response, and
repair. Antioxid Redox Sign. (2014) 21:251-9. doi: 10.1089/ars.2013.5668
Suetens A, Konings K, Moreels M, Quintens R, Verslegers M, Soors E, et al.
Higher initial DNA damage and persistent cell cycle arrest after carbon ion
irradiation compared to X-irradiation in prostate and colon cancer cells. Front
Oncol. (2016) 6:87. doi: 10.3389/fonc.2016.00087

ITtahana K, Campisi J, Dimri GP. Methods to detect biomarkers of cellular
senescence: the senescence-associated beta-galactosidase assay. Methods Mol
Biol. (2007) 371:21-31. doi: 10.1007/978-1-59745-361-5_3

Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, et al. A
biomarker that identifies senescent human cells in culture and in aging skin
in vivo. Proc Natl Acad Sci USA. (1995) 92:9363-7. doi: 10.1073/pnas.92.2
0.9363

Borodkina AV, Deryabin PI, Giukova AA, Nikolsky NN. “Social Life” of
senescent cells: what is SASP and why study it? Acta Naturae. (2018). 10:4-14.
doi: 10.32607/20758251-2018-10-1-4-14

defined. Ageing Res (2008)

response
8:436-43.

Frontiers in Public Health | www.frontiersin.org

February 2021 | Volume 9 | Article 584484


https://doi.org/10.1038/nature04958
https://doi.org/10.1002/stem.690
https://doi.org/10.18632/oncotarget.2692
https://doi.org/10.1073/pnas.240309797
https://doi.org/10.1073/pnas.0937635100
https://doi.org/10.1016/S0140-6736(04)16627-0
https://doi.org/10.1016/j.matbio.2004.12.004
https://doi.org/10.1016/j.joen.2007.11.021
https://doi.org/10.1016/j.jcyt.2019.08.002
https://doi.org/10.1080/14653240500319234
https://doi.org/10.3727/096368915X689622
https://doi.org/10.4103/0976-9668.149074
https://doi.org/10.1002/stem.2836
https://doi.org/10.1016/j.canlet.2013.05.021
https://doi.org/10.1080/09553002.2017.1310405
https://doi.org/10.1007/s00411-015-0613-6
https://doi.org/10.1148/radiol.2511080671
https://doi.org/10.3109/09553002.2014.937510
https://doi.org/10.1016/j.jenvrad.2018.05.018
https://doi.org/10.1016/j.arr.2007.08.007
https://doi.org/10.1093/nar/gkn550
https://doi.org/10.1093/nar/gkp237
https://doi.org/10.1016/j.molcel.2010.09.019
https://doi.org/10.18632/oncotarget.10411
https://doi.org/10.1038/ncb884
https://doi.org/10.1016/j.mrfmmm.2011.05.017
https://doi.org/10.1038/nrm3719
https://doi.org/10.1038/nature03114
https://doi.org/10.1667/0033-7587
https://doi.org/10.1016/j.dnarep.2009.01.013
https://doi.org/10.1002/em.21944
https://doi.org/10.1667/RR13342.1
https://doi.org/10.1073/pnas.1002175107
https://doi.org/10.1016/j.ijrobp.2004.03.005
https://doi.org/10.1089/ars.2013.5668
https://doi.org/10.3389/fonc.2016.00087
https://doi.org/10.1007/978-1-59745-361-5_3
https://doi.org/10.1073/pnas.92.20.9363
https://doi.org/10.32607/20758251-2018-10-1-4-14
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Belmans et al.

DDR in Mesenchymal Stromal Cells

43. Coppe JP, Desprez PY, Krtolica A, Campisi J. The senescence-associated 62. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
secretory phenotype: the dark side of tumor suppression. Annu Rev Pathol. et al. Fiji: an open-source platform for biological-image analysis. Nat Methods.
(2010) 5:99-118. doi: 10.1146/annurev-pathol-121808-102144 (2012) 9:676-82. doi: 10.1038/nmeth.2019

44. Bowers LW, Rossi EL, O’Flanagan CH, deGraffenried LA, Hursting SD. 63. De Vos WH, Van Neste L, Dieriks B, Joss GH, Van Oostveldt P. High content
The role of the insulin/IGF system in cancer: lessons learned from clinical image cytometry in the context of subnuclear organization. Cytometry A.
trials and the energy balance-cancer link. Front Endocrinol. (2015) 6:77. (2010) 77:64-75. doi: 10.1002/cyto.a.20807
doi: 10.3389/fendo.2015.00077 64. Kim KH, Sederstrom JM. Assaying Cell Cycle Status Using

45. Nagano T, Nakano M, Nakashima A, Onishi K, Yamao S, Enari M, Flow Cytometry. Curr Protoc Mol Biol. (2015) 111:28.6.1-6.11.
et al. Identification of cellular senescence-specific genes by comparative doi: 10.1002/0471142727.mb2806s111
transcriptomics. Sci Rep. (2016) 6:31758. doi: 10.1038/srep31758 65. Tanabe S. Role of mesenchymal stem cells in cell life and their signaling. World

46. Baselet B, Belmans N, Coninx E, Lowe D, Janssen A, Michaux A, et al. J Stem Cells. (2014) 6:24-32. doi: 10.4252/wjsc.v6.i1.24
Functional gene analysis reveals cell cycle changes and inflammation in 66. Lobrich M, Shibata A, Beucher A, Fisher A, Ensminger M, Goodarzi AA,
endothelial cells irradiated with a single X-ray dose. Front Pharmacol. (2017) et al. gammaH2AX foci analysis for monitoring DNA double-strand break
8:213. doi: 10.3389/fphar.2017.00213 repair: strengths, limitations and optimization. Cell Cycle. (2010) 9:662-9.

47. Cmielova ], Havelek R, Kohlerova R, Soukup T, Bruckova L, Suchanek J, et al. doi: 10.4161/cc.9.4.10764
The effect of ATM kinase inhibition on the initial response of human dental 67. Williamson J, Hughes CM, Burke G, Davison GW. A combined gamma-
pulp and periodontal ligament mesenchymal stem cells to ionizing radiation. H2AX and 53BP1 approach to determine the DNA damage-repair
Int ] Radiat Biol. (2013) 89:501-11. doi: 10.3109/09553002.2013.775530 response to exercise in hypoxia. Free Radic Biol Med. (2020) 154:9-17.

48. Muthna D, Soukup T, Vavrova J, Mokry J, Cmielova ], Visek B, et al. Irradiation doi: 10.1016/j.freeradbiomed.2020.04.026
of adult human dental pulp stem cells provokes activation of p53, cell cycle 68. Gupta A, Hunt CR, Chakraborty S, Pandita RK, Yordy J, Ramnarain DB, et al.
arrest, and senescence but not apoptosis. Stem Cells Dev. (2010) 19:1855-62. Role of 53BP1 in the regulation of DNA double-strand break repair pathway
doi: 10.1089/5¢d.2009.0449 choice. Radiat Res. (2014) 181:1-8. doi: 10.1667/RR13572.1

49. Havelek R, Soukup T, Cmielova J, Seifrtova M, Suchanek J, Vavrova J, et al. 69. Bartova E, Legartova S, Dundr M, Suchankova J. A role of the
Ionizing radiation induces senescence and differentiation of human dental 53BP1 protein in genome protection: structural and functional
pulp stem cells. Folia Biol. (2013) 59:188-97. characteristics of 53BP1-dependent DNA repair. Aging. (2019) 11:2488-511.

50. Cmielova J, Havelek R, Soukup T, Jiroutova A, Visek B, Suchanek J, et al. doi: 10.18632/aging.101917
Gamma radiation induces senescence in human adult mesenchymal stem 70. Khanna KK, Jackson SP. DNA double-strand breaks: signaling, repair and the
cells from bone marrow and periodontal ligaments. Int ] Radiat Biol. (2012) cancer connection. Nat Genet. (2001) 27:247-54. doi: 10.1038/85798
88:393-404. doi: 10.3109/09553002.2012.666001 71. Jackson SP. Sensing and repairing DNA double-strand breaks. Carcinogenesis.

51. Manda K, Kavanagh JN, Buttler D, Prise KM, Hildebrandt G. Low dose effects (2002) 23:687-96. doi: 10.1093/carcin/23.5.687
of ionizing radiation on normal tissue stem cells. Mutat Res Rev Mutat Res. 72. Wakeford R, Tawn EJ. The meaning of low dose and low dose-rate. ] Radiol
(2014) 761:6-14. doi: 10.1016/j.mrrev.2014.02.003 Prot. (2010) 30:1-3. doi: 10.1088/0952-4746/30/1/E02

52. Ozcan S, Alessio N, Acar MB, Mert E, Omerli E Peluso G, et al. Unbiased 73. Osipov AN, Pustovalova M, Grekhova A, Eremin P, Vorobyova N, Pulin
analysis of senescence associated secretory phenotype (SASP) to identify A, et al. Low doses of X-rays induce prolonged and ATM-independent
common components following different genotoxic stresses. Aging. (2016) persistence of gammaH2AX foci in human gingival mesenchymal
8:1316-29. doi: 10.18632/aging.100971 stem cells. Oncotarget. (2015) 6:27275-87. doi: 10.18632/oncotarget.

53. Terzi MY, Izmirli M, Gogebakan B. The cell fate: senescence or quiescence. 4739
Mol Biol Rep. (2016) 43:1213-20. doi: 10.1007/s11033-016-4065-0 74. Pustovalova M, Astrelina capital Te C, Grekhova A, Vorobyeva N, Tsvetkova

54. Ueno M, Aoto T, Mohri Y, Yokozeki H, Nishimura EK. Coupling of the A, Blokhina T, et al. Residual gammaH2AX foci induced by low dose x-ray
radiosensitivity of melanocyte stem cells to their dormancy during the hair radiation in bone marrow mesenchymal stem cells do not cause accelerated
cycle. Pigment Cell Melanoma Res. (2014) 27:540-51. doi: 10.1111/pcmr.12251 senescence in the progeny of irradiated cells. Aging. (2017) 9:2397-410.

55. Chang J, Feng W, Wang Y, Luo Y, Allen AR, Koturbash I, et al. Whole-body doi: 10.18632/aging.101327
proton irradiation causes long-term damage to hematopoietic stem cells in 75. Prendergast AM, Cruet-Hennequart S, Shaw G, Barry FP, Carty MP.
mice. Radiat Res. (2015) 183:240-8. doi: 10.1667/RR13887.1 Activation of DNA damage response pathways in human mesenchymal stem

56. Surova O, Zhivotovsky B. Various modes of cell death induced by DNA cells exposed to cisplatin or gamma-irradiation. Cell Cycle. (2011) 10:3768-77.
damage. Oncogene. (2013) 32:3789-97. doi: 10.1038/0nc.2012.556 doi: 10.4161/¢c.10.21.17972

57. Paduano E, Marrelli M, White L], Shakesheff KM, Tatullo M. Odontogenic 76. Oliver L, Hue E, Sery Q, Lafargue A, Pecqueur C, Paris F, et al. Differentiation-
differentiation of human dental pulp stem cells on hydrogel scaffolds derived related response to DNA breaks in human mesenchymal stem cells. Stem Cells.
from decellularized bone extracellular matrix and collagen type I. PLoS ONE. (2013) 31:800-7. doi: 10.1002/stem.1336
(2016) 11:e0148225. doi: 10.1371/journal.pone.0148225 77. Tsvetkova A, Ozerov 1V, Pustovalova M, Grekhova A, Eremin P, Vorobyeva N,

58. Gorin C, Rochefort GY, Bascetin R, Ying H, Lesieur ], Sadoine J, et al. Priming et al. gammaH2AX, 53BP1 and Rad51 protein foci changes in mesenchymal
dental pulp stem cells with fibroblast growth factor-2 increases angiogenesis of stem cells during prolonged X-ray irradiation. Oncotarget. (2017) 8:64317-29.
implanted tissue-engineered constructs through hepatocyte growth factor and doi: 10.18632/oncotarget.19203
vascular endothelial growth factor secretion. Stem Cells Transl Med. (2016) 78. Markova E, Schultz N, Belyaev IY. Kinetics and dose-response of
5:392-404. doi: 10.5966/sctm.2015-0166 residual 53BP1/gamma-H2AX foci: co-localization, relationship with DSB

59. Collignon AM, Lesieur J, Anizan N, Azzouna RB, Poliard A, Gorin C, et al. repair and clonogenic survival. Int ] Radiat Biol. (2007) 83:319-29.
Early angiogenesis detected by PET imaging with (64)Cu-NODAGA-RGD doi: 10.1080/09553000601170469
is predictive of bone critical defect repair. Acta Biomater. (2018) 82:111-21. 79. Rothkamm K, Lobrich M. Evidence for a lack of DNA double-strand break
doi: 10.1016/j.actbio.2018.10.008 repair in human cells exposed to very low x-ray doses. Proc Natl Acad Sci USA.

60. Chamieh F Collignon A-M, Coyac BR, Lesieur J, Ribes S, Sadoine J, (2003) 100:5057-62. doi: 10.1073/pnas.0830918100
et al. Accelerated craniofacial bone regeneration through dense collagen 80. Asaithamby A, Uematsu N, Chatterjee A, Story MD, Burma S, Chen D]J.
gel scaffolds seeded with dental pulp stem cells. Sci Rep. (2016) 6:38814. Repair of HZE-particle-induced DNA double-strand breaks in normal
doi: 10.1038/srep38814 human fibroblasts. Radiat Res. (2008) 169:437-46. doi: 10.1667/RR

61. Novais A, Lesieur J, Sadoine J, Slimani L, Baroukh B, Saubaméa B, et al. 1165.1
Priming dental pulp stem cells from human exfoliated deciduous teeth with 81. Schultz LB, Chehab NH, Malikzay A, Halazonetis TD. p53 binding protein
fibroblast growth factor-2 enhances mineralization within tissue-engineered 1 (53BP1) is an early participant in the cellular response to DNA
constructs implanted in craniofacial bone defects. Stem Cells Transl Med. double-strand breaks. J Cell Biol. (2000) 151:1381-90. doi: 10.1083/jcb.151.
(2019) 8:844-57. doi: 10.1002/sctm.18-0182 7.1381

Frontiers in Public Health | www.frontiersin.org 12 February 2021 | Volume 9 | Article 584484


https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.3389/fendo.2015.00077
https://doi.org/10.1038/srep31758
https://doi.org/10.3389/fphar.2017.00213
https://doi.org/10.3109/09553002.2013.775530
https://doi.org/10.1089/scd.2009.0449
https://doi.org/10.3109/09553002.2012.666001
https://doi.org/10.1016/j.mrrev.2014.02.003
https://doi.org/10.18632/aging.100971
https://doi.org/10.1007/s11033-016-4065-0
https://doi.org/10.1111/pcmr.12251
https://doi.org/10.1667/RR13887.1
https://doi.org/10.1038/onc.2012.556
https://doi.org/10.1371/journal.pone.0148225
https://doi.org/10.5966/sctm.2015-0166
https://doi.org/10.1016/j.actbio.2018.10.008
https://doi.org/10.1038/srep38814
https://doi.org/10.1002/sctm.18-0182
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1002/cyto.a.20807
https://doi.org/10.1002/0471142727.mb2806s111
https://doi.org/10.4252/wjsc.v6.i1.24
https://doi.org/10.4161/cc.9.4.10764
https://doi.org/10.1016/j.freeradbiomed.2020.04.026
https://doi.org/10.1667/RR13572.1
https://doi.org/10.18632/aging.101917
https://doi.org/10.1038/85798
https://doi.org/10.1093/carcin/23.5.687
https://doi.org/10.1088/0952-4746/30/1/E02
https://doi.org/10.18632/oncotarget.4739
https://doi.org/10.18632/aging.101327
https://doi.org/10.4161/cc.10.21.17972
https://doi.org/10.1002/stem.1336
https://doi.org/10.18632/oncotarget.19203
https://doi.org/10.1080/09553000601170469
https://doi.org/10.1073/pnas.0830918100
https://doi.org/10.1667/RR1165.1
https://doi.org/10.1083/jcb.151.7.1381
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Belmans et al.

DDR in Mesenchymal Stromal Cells

82.

83.

84.

85.

Kurpinski K, Jang DJ, Bhattacharya S, Rydberg B, Chu J, So J, et al.
Differential effects of x-rays and high-energy 56Fe ions on human
mesenchymal stem cells. Int ] Radiat Oncol Biol Phys. (2009) 73:869-77.
doi: 10.1016/j.ijrobp.2008.10.002

Nakamura-Ishizu A, Takizawa H, Suda T. The analysis, roles and regulation
of quiescence in hematopoietic stem cells. Development. (2014) 141:4656-66.
doi: 10.1242/dev.106575

Ruhle A, Xia O, Perez RL, Trinh T, Richter W, Sarnowska A,
et al. The radiation resistance of human multipotent mesenchymal
stromal cells is independent of their tissue of origin. Int ] Radiat

Oncol  Biol Phys. (2018) 100:1259-69. doi: 10.1016/j.ijrobp.2018.
01.015

Musilli S, Nicolas N, El Ali Z, Orellana-Moreno P, Grand
C, Tack K, et al DNA damage induced by Strontium-90

exposure at low concentrations in mesenchymal stromal cells: the
functional consequences. Sci Rep. (2017) 7:41580. doi: 10.1038/srep
41580

86. Cho W, Kim ES, Kang CM, Ji YH, Kim JI, Park SJ, et al. Low-dose ionizing
gamma-radiation promotes proliferation of human mesenchymal stem cells
and maintains their stem cell characteristics. Tissue Eng Regen Med. (2017)
14:421-32. doi: 10.1007/s13770-017-0045-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Belmans, Welkenhuysen, Vermeesen, Baselet, Salmon, Baatout,
Jacobs, Lucas, Lambrichts, Moreels and Gilles. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Public Health | www.frontiersin.org

13

February 2021 | Volume 9 | Article 584484


https://doi.org/10.1016/j.ijrobp.2008.10.002
https://doi.org/10.1242/dev.106575
https://doi.org/10.1016/j.ijrobp.2018.01.015
https://doi.org/10.1038/srep41580
https://doi.org/10.1007/s13770-017-0045-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	In vitro Assessment of the DNA Damage Response in Dental Mesenchymal Stromal Cells Following Low Dose X-ray Exposure
	Introduction
	Materials and Methods
	Ethical Approval for the Use of Donor-Derived Dental Mesenchymal Stromal Cells
	Culturing Dental Stem Cells
	X-irradiation Conditions
	Immunocytochemical Staining for γH2AX and 53BP1
	Cell Cycle Analysis
	Quiescence Assay
	β-galactosidase Assay
	Enzyme-Linked Immunosorbent Assay: IL-6, IL-8, IGFBP-2, and IGFBP-3
	Statistical Analysis

	Results
	Exposure to Low Doses of X-rays Induces DSBs and Activates the DNA Damage Response in Dental Mesenchymal Stromal Cells
	Cell Cycle Progression Is Not Influenced by Low Doses of X-rays in Dental Mesenchymal Stromal Cells
	Low Dose X-irradiation Rapidly Decreases the Amount of Quiescent Cells
	Low Dose Radiation Does Not Induce Premature Senescence in Dental Mesenchymal Stromal Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


