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Abstract

Background: Exposure to low dose rate (LDR) radiation may accelerate aging processes. Previously, we identified numerous LDR-
induced pathways involved in oxidative stress (OS) and antioxidant systems, suggesting that these pathways protect against premature
senescence (PS). This study aimed to investigate if there are differences between young replicative senescent (RS) and PS cells considering
DNA repair kinetics, OS, and DNA damage localized in the telomeres. Methods: We established PS cells by culturing and passaging
young primary fibroblasts exposed to LDR. Then, RS cells were established by culturing and passaging young fibroblasts until they
stopped proliferating. Senescence was characterized by analyzing telomere length and senescence-associated [3-galactosidase (SA-8-
gal) staining. DNA damage and repair were evaluated with YH2AX foci formation; telomere identification was carried out using the
fluorescence in situ hybridization (FISH) probe; and oxidative stress was assessed by measuring 8-o0xo-dG in the medium. Results:
The data indicate the following: young cells have a better ability to cope with LDR-induced oxidative stress; RS and PS have higher
steady-state levels of DNA damage; RS have slower DNA repair kinetics; and PS/RS have elevated levels of telomeric DNA damage.
Conclusion: Our main conclusion is that PS and RS differ regarding DNA repair kinetics and SA-3-gal levels.

Keywords: radiation; chronic radiation; low dose rate; premature senescence; replicative senescence; DNA repair; radiotherapy; oxida-

tive stress; hMTH1; telomere length; extracellular 8-0x0-dG

1. Introduction

Cellular senescence is involved in organism aging and
tumor control, and substantial progress has been made in
defining the mechanisms involved [1,2]. There is also a
significant amount of experimental data suggesting that en-
dogenous, as well as exogenous production of reactive oxy-
gen species (ROS)—for example from exposure to acute
ionizing radiation—contributes to senescence [3]; however,
there is limited knowledge about the mechanism of prema-
ture senescence (PS) induced by chronic irradiation.

Senescence, as defined by Hayflick and Moorhead,
occurs when cells remain viable but lose proliferative capa-
bility irreversibly after being cultured for a period of time
[4], signifying that normal human diploid cells have a fi-
nite number of population doublings. The characteristics of
senescent cells include growth arrest, expression of lysoso-
mal beta-galactosidase (SA-[3-gal; senescence-associated
[-galactosidase) [5], release of inflammatory cytokines and
chemokines (senescence-associated secretory phenotype or
SASP) [6], resistance to apoptosis [7], and persistent DNA
damage [8]. It was suggested that radiotherapy can accel-
erate cellular senescence leading to premature aging and

age-related diseases, e.g., cardiovascular diseases (CVD)
[9,10]. Previous studies have shown that the exposed popu-
lations, for example in Hiroshima and Nagasaki, have a sig-
nificantly increased risk of CVD [11]. Since then, a series of
epidemiological studies on low- and moderate-dose whole-
body irradiation and the risk of CVD have been published
[12,13]. A recent study on the Japanese atomic bomb sur-
vivors “Life Span Study” confirms a linear dose—response
for mortality from CVD [14]. The role of radiation-induced
premature senescence in vascular endothelial cells was pro-
posed as a possible mechanism by which radiation exposure
leads to CVD [15-17].

Progress has been made in defining the mechanisms
that contribute to senescence [1,2,18], including the in-
volvement of ROS and DNA damage [3]. It was shown that
growth arrest at the G1 phase is initiated by DNA damage
that signals the upregulation of CDKN1A/p21CIPVWAFL "ac_
tivation of p53, and consequently upregulation of the p21.
Reduction of phosphorylated retinoblastoma (Rb) protein
and upregulation of CDKN2A/p16™K4A and p21 have also
been related to the growth arrest of senescent cells [19,20].
Previously, we have shown that exposure of cells to chronic
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low dose rates (LDRs) of ionizing radiation may acceler-
ate the senescence process (premature senescence) of pri-
mary human endothelial cells (HUVEC), as well as pri-
mary human fibroblasts [9,17]. We applied a proteomic
approach and found that chronic radiation induces senes-
cence through the induction of ROS, which results in DNA
damage, activating the p53/p21 pathway [9], and inhibit-
ing the PI3K/Akt/mTOR pathway P [17]. ROS may ac-
celerate the senescence process (premature senescence) [3],
not only through the production of DNA damage [21] but
also by the formation of oxidized nucleotides in the nu-
cleotide pool (oxidized dNTP) [22]. Oxidized dNTP can be
incorporated into newly synthesized DNA and induce muta-
tions, as well as senescence [23]. Oxidative stress may also
down-regulate telomerase activity, enhance telomere ero-
sion [24], and promote telomere shortening which is one
of the hallmarks of senescent cells. Telomeres are com-
plexes composed of sheltering proteins and TTAGGG re-
peats at the ends of eukaryotic chromosomes [25,26]. Due
to the mechanism of replication, telomeres are shortened
at each cell division [27]. After a certain number of cell
divisions, the 3’ overhang becomes too short and the cells
may recognize very short telomeres as DNA damage, prob-
ably as double-strand breaks (DSB), triggering cell cycle
arrest that results in replicative senescent (RS) [28]. The
T-loop of telomeres with sheltering proteins builds a struc-
ture preventing telomeric DNA from being recognized by
the DNA repair machinery as DNA damage [29]. Addi-
tionally, it was shown that repression of DNA repair gene
expression is associated with cellular senescence [30]. It
is not clear whether DNA DSBs observed in the senescent
cells are induced directly by DNA lesions or are due to
very short telomere lengths that the cells recognize as DNA
damage. The hypotheses of the present investigation are:
(A) young cells (low passage) can deal with the ROS in-
duced by LDR more effectively than middle-aged cells due
to higher levels of antioxidants; (B) PS and RS cells accu-
mulate more DNA damage in their telomeres compared to
young cells; and (C) young cells have faster DNA repair
kinetics than middle-aged, PS and RS. The present inves-
tigation aims: (A) to elucidate the differences in DNA re-
pair kinetics for young, middle-aged, and senescent cells,
as well as for cells that have entered senescence prema-
turely in response to LDR ionizing radiation; (B) to es-
tablish oxidative stress response in terms of the amount
of 8-0x0-dG in the medium for LDR-irradiated young and
middle-aged cells; and (C) to investigate if the DNA dam-
ages observed in the PS cells are accumulated in the telom-
eres. To address these aims, experiments were performed
using the different passages of primary human fibroblasts
corresponding to young, middle-aged, and senescent cells.
Telomere length, total numbers of population doublings,
expression of P21 protein, and levels of SA-(-gal-positive
cultured cells were used for the characterization of senes-
cent cells and numbers of YH2AX foci as an indicator of

DSB. The levels of 8-0x0-dG in the cell culture medium
and expression of heme oxygenase 1 (HO1) and human
MutT homolog 1 (hMTHT1) [31] were determined as mark-
ers of oxidative stress. This study was part of a PhD thesis
(https://www.dissertations.se/dissertation/c618950e3a/).

2. Methods
2.1 Cell Culture

In the present investigation, we used human diploid
primary fibroblasts VH10 cells which was a gift from Prof.
Leon Mullenders, Department of Radiation Genetics and
Chemical Mutagenesis, Leiden Medical University, the
Netherlands. Different passages of VH10 cells were cul-
tured in 12 mL of Dulbecco’s modified minimum essen-
tial medium (Sigma-Aldrich, Darmstadt, Germany) supple-
mented with 10% bovine serum (Sigma-Aldrich) and 1%
penicillin-streptomycin (Sigma-Aldrich). The cells were
validated and tested negative for mycoplasma. The cells
were cultured in a humidified cell culture incubator at 37
°C and 5% COs. Cells were re-seeded after trypsinization
every week (Sigma-Aldrich) and cultured at 5 x 10° cells
in T75 cell culture flasks. The number of population dou-
blings (PDs) for each time interval of 7 days was calculated
from:

PD = In (N1/Ng)/In2, where N is the number of cells
seeded and Nj is the number of cells counted at the end of
the time interval (day 7).

Further, the growth rate kinetics for the cells were es-
tablished based on the accumulated number of population
doublings each week. According to our previous results
[32], we divided cells into three groups based on their senes-
cence status: (1) “young cells” with passage number 13 or
less (long telomere length (T/S ratio of 1), low SA-(-gal
activity and high population doubling relative to P23); (2)
“senescent cells” with passage number 20 or above (short
telomere length compared with P8 (T/S ratio of 30%), a
high percentage of SA-3-gal-positive cells and no popula-
tion doubling); and (3) “middle-aged cells” with passage
number between 13 and 19 (telomere length (T/S ratio of
60% of P8), SA-/-gal activity between P13 and P19, and
few population doublings (1 or less)).

2.2 Chronic Irradiation

To establish the growth rate kinetics under chronic ir-
radiation, a cell culture incubator equipped with a custom-
made '37Cs source [9,32,33] was used for the exposure of
the cells to 12 mGy/h. The experiment was started by seed-
ing 5 x 10° cells at passage 8 (P8, young cells) or passage
13 (P13, middle-aged cells). The P13 cells were exposed
to chronic radiation at 12 mGy/h and we found that after
6 weeks of exposure, they stopped proliferating (PD <1).
Sham-treated control cells were subjected to the same pro-
cedures as irradiated cells. The cells were counted and re-
seeded at regular intervals (every 7 days). P13 cells irradi-
ated for 6 weeks (Fig. 1) were regarded as premature senes-
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Fig. 1. The experimental design for establishing premature senescent cells: P19-C, non-irradiated control; P19-ST, 6 weeks

chronically irradiated P13 cells with 2 weeks recovery time; and P19-IR, 6 weeks chronically irradiated P13 cells with a further

2 weeks incubation under chronic irradiation.

cence (PS). The PS cells were then divided into 2 parts:
(1) transferred to a cell culture incubator without irradia-
tion for 2 weeks to mimic recovery after irradiation (P19-
ST) and (2) continued irradiation for an additional 2 weeks
(P19-IR). In parallel, non-irradiated cell culture was used
as a control for middle-aged cells (P19-C). After 2 weeks,
these three groups of cells, as well as cultures of young (>9
passages) and senescent cells (passage <22) were prepared
for telomere length quantification, SA-3-gal staining, anal-
ysis of DNA repair kinetics, and for colocalization analysis
of DNA damage in telomeres. Trypan blue exclusion as-
say was performed to establish cell viability and cell culture
medium was stored at —20 °C for determination of 8-oxo-
dG.

2.3 DNA Repair Kinetics

To establish DNA repair kinetics, young, middle-
aged, and senescent cells were irradiated acutely with 1 Gy
at a dose rate of 0.75 Gy/min using GammaCell® 40 irra-
diator (Ottawa, ON, Canada) available at Stockholm Uni-
versity, Stockholm, Sweden. In a different set of experi-
ments, P19 cells—P19-C, P19-1R (LDR exposed), and P19-
ST (LDR exposed) (see above)—were also exposed to 1 Gy
acute gamma irradiation at a dose rate of 0.75 Gy/min.

The DNA repair kinetics of the young, premature
senescent, and senescent cells were established using
vH2AX foci formation. Briefly, one day before acute ir-
radiation, the cells were trypsinized and 1.5 x 10* cells
were transferred to a small Petri dish (35 mm) with 3 mL
complete medium and a sterile coverslip on the bottom.
The cells were then kept in a cell culture incubator at 37
°C, allowing them to attach to the coverslip. Following
exposure of the cells to 1 Gy, the levels of YH2AX foci
were determined at 45 min, 24 h, or 48 h post-irradiation
in order to establish DNA repair kinetics. For detection of
vYH2AX foci, the cells were fixed using 3% paraformalde-
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hyde (Sigma-Aldrich) with 2% sucrose (Sigma-Aldrich,
Darmstadt, Germany) for 10 min at room temperature, fol-
lowed by permeabilization with 0.2% Triton X-100 (Sigma-
Aldrich) for 2.5 min at room temperature. The cells were
then washed with PBS three times before incubating for 1
h at 37 °C with the primary antibody anti-phospho-H2AX
(Millipore, Billerica, MA, USA) in PBS supplemented with
2% Bovine Serum Fraction V albumin (BSA-V) (1:800).
The cells were then washed quickly with PBS, followed by
30 min incubation at 37 °C with goat anti-mouse IgG, FITC-
conjugated (Sigma-Aldrich,) secondary antibody in PBS
supplemented with 2% BSA-V. Following a washing step,
the cells were stained with 4/,6-diamidino-2-phenylindole,
DAPI (Sigma-Aldrich) in PBS for 10 min. The cover-
slips were then removed from the Petri dish, mounted on
a microscope slide using Vectashield® Antifade Mount-
ing Medium (Vector Laboratories, Peterborough, UK), and
sealed. Slides were analyzed using a Nikon Eclipse E800
fluorescence microscope at 100x magnification. Images
of a minimum of 50 cells were taken using a CCD cam-
era (CoolCubel, Metasystems, Altlussheim, Germany) and
ISIS software version 2.3 (Metasystems, Altlussheim, Ger-
many). The number of total foci per nucleus was analyzed
using Image-J,version 1.4u (LOCI, University of Wiscon-
sin, Madison, WI, USA). The total number of foci per cell
was counted and the mean and standard deviation for each
time point and treatment were calculated.

2.4 Western Blot Analysis

Cells were prepared for Western blot analysis using
our previously published protocol [34]. Briefly, the cells
were lysed in Laemmli buffer with proteinase inhibitor
(Roche Diagnostics GmbH, Mannheim, Germany). After
quantification of protein in the lysates with Protein Assay
Reagent (Thermo Scientific, Rockford, IL, USA), 10 pg
protein per sample was loaded in a NuPAGE 4-12% Bis—
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Tris gel (Invitrogen, Waltham, MA, USA) for electrophore-
sis. The proteins were then transferred from the gel onto a
Nitrocellulose membrane (Thermo Scientific) overnight at
30V (4 °C) using XCell SureLock™ Mini-Cell System (In-
vitrogen, Waltham, Massachusetts, United States).

The unspecific binding sites on the membrane were
then blocked by incubating the membrane in LI-COR
blocking buffer (LI-COR, Cambridge, UK) for 90 min. The
membrane was washed three times with Tris-buffered saline
containing 0.05% Tween (TBST). Following the washing
steps, the membrane was incubated with primary antibod-
ies overnight at 4 °C followed by washing steps and sec-
ondary antibody incubation (anti-mouse conjugated with
IRDye® Infrared Dyes (LI-COR)) before detection of the
secondary antibody signals with Odyssey imaging system
and quantification of protein bands with Image Studio ver-
sion 5.2 software (LI-COR, Cambridge, Milton, Cambridge
CB4 0WS, United Kingdom). The primary antibodies used
were as follows: HO1 (1:1000, from rabbit, Novusbio,
Centennial, CO, USA); P21 (1:1000, from mouse, Cell
Signaling Technology, Inc., Danvers, MA, USA); hMTHI
(1:1000, from rabbit, Novusbio, Centennial, CO, USA ),
and GAPDH (1:10,000, from mouse, Sigma, Saint Louis,
MO, USA).

2.5 Telomere Fluorescence in Situ Hybridization
(Telomere FISH)

To investigate if YH2AX foci were localized in the
telomeres, we co-stained cells with YH2AX (as above) and
telomere probes and analyzed using confocal microscopy.
For detailed information about the telomere FISH protocol,
see reference [35]. Briefly, cells were fixed and perme-
abilized as mentioned above. To block unspecific binding
sites, the coverslips with cells were incubated in ABDIL so-
lution (please see reference [35] for details) with 5% bovine
serum albumin (BSA, Sigma-Aldrich) for 2 hrat 37 °C. Fol-
lowing this step, the cells were incubated with primary anti-
phospho-histone H2AX (ser-139) mouse monoclonal anti-
body (Millipore, Billerica, MA, USA) at 1:800 dilution in
ABDIL solution containing 2% BSA (Sigma-Aldrich) at 37
°C for 1 h. Following incubation, the cells were washed
three times with washing solution (PBS (Sigma-Aldrich)
with 0.1% Tween-20 (Sigma-Aldrich)). The cells were then
incubated with secondary goat anti-mouse IgG FITC con-
jugated (Sigma-Aldrich) in ABDIL solution and 2% BSA
(Sigma-Aldrich) at 37 °C for 30 min in a dark chamber. The
cells were washed three times with PBS (Sigma-Aldrich)
and then treated with 2% paraformaldehyde for 10 min at
room temperature and washed twice with MilliQ water.

The cells were dehydrated by incubating the slides for
3 min in 70%, followed by 90% and finally 99% ethanol
(Absolut finsprit, Malmd, Sweden)/water solutions. The
slides were then kept at room temperature for 20 min.
The telomere probe, PNA, was prepared in a hybridiza-
tion solution provided by the company (Alexa 647-O0-

ccctaaccctaaccctaa, Panagene, South Korea) at a concentra-
tion of 200 nM. The solution was then heated to 90 °C for 5
min and applied on slides, which were then incubated first
at 85 °C for 10 min and then overnight at 37 °C in a humid-
ified chamber. Following overnight incubation, the slides
were washed two times with a washing solution containing
70% formamide (Sigma-Aldrich) and 10 mM Tris-HCI at
pH 7.5, and three times with a washing solution containing
50 mM Tris-HCL (Sigma-Aldrich) pH 7.5, 150 mM NaCl
(Sigma-Aldrich), and 0.8% Tween-20.

The nuclei were stained with DAPI for 10 min. The
coverslips were then quickly rinsed with MilliQ water and
dehydrated by increasing concentrations of ethanol as de-
scribed above. The dried coverslips were mounted with
Vectashield and sealed with nail polish. The slides were
stored at 4 °C until imaging with a microscope was per-
formed. The imaging was performed using a Zeiss LSM
800 (Zeiss Group, Oberkochen, Baden-Wiirttemberg, Ger-
many) microscope equipped with an AiryScan detector and
a laser for AlexaFluor-647 (Panagene, South Korea). The
detector gain was set to 800-950 V and the digital gain to
1 in super-resolution mode. The signals of AlexaFluor-647
from the labeled telomeres were captured with 4% excita-
tion power of a 650 nm laser, and five images (z-stacks,
confocal) were captured in unidirectional frame scanning
mode with 2048 x 2048 pixels. The images were saved in
TIFF format and processed by Airyscan using Zen Black
software (version 2.3, Zeiss Group, Jena, Germany). The
signals were analyzed using the Fiji-Image] JACoP and
Colocalization Finder plugins [36]. For quantification of
vH2AX foci repair kinetics, the single focal plane images
were processed as described in the above section, while for
studying colocalization of telomeres and YH2AX foci, con-
focal images were processed. Using confocal images, we
could visualize very small foci.

2.6 SA-(-galactosidase Staining

SA-(-gal staining was performed according to the
protocol of Dimri et al. [5]. One day before staining, the
cells were cultured in 6-well plates at 20,000 cells per well.
Each sample was prepared as a duplicate and each experi-
ment was repeated three times. The cells were washed twice
in PBS (Sigma-Aldrich), and fixed at room temperature
for 10 min in PBS containing 2% formaldehyde (Sigma-
Aldrich), and 0.2% glutaraldehyde (Sigma-Aldrich). The
cells were washed with PBS (Sigma-Aldrich), and stained
with SA-(-gal staining solution assay (Sigma-Aldrich)
overnight at 37 °C. Prior to scoring with the microscope,
the samples were washed with PBS and then with distilled
water. Around 500 cells in each sample were scored and
then the percentage of SA-3-gal-positive cells (blue-green
cytoplasm) was determined.
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2.7 DNA Extraction and Telomere Length Analysis

Genomic DNA was extracted from cells at different
passages using the DNeasy® Blood & Tissue kit (Qiagen,
Hilden, Germany). The relative telomere length was
determined based on a previously described method [37]
with some minor modifications. Briefly, 40 ng DNA was
mixed with 2 pL of 5x HOT FIREPol® Evagreen, qPCR
Supermix (Solid Biodyne, Estonia), 800 nM telomere
primers, or 400 nM 36B4 (gene accession number RPLPO)
primer for single gene control. The primer sequences were:
TEL-forward 5— 3’ GGTTTTTGAGGGTGAGGGT-
GAGGGTGAGGGTGAGGGT and TEL-reverse 5'— 3’
TCCCGACTATCCCTATCCCTATCCCTATCCCTATC-
CCTA. The 36B4 gene [37] was used as a control gene
using the following primer sequences; forward 5'— 3’
CAGCAAGTGGGAAGGTGTAATCC and reverse 5'— 3’
CCCATTCTATCATCAACGGGTACAA.

For the calculation of telomere length, the ratio of
telomere length versus the single standard gene expression
(T/S) based on the 2~ 22 method described by Cawthon
and coworkers was applied [37] and the Light Cycler® 480
SW version 1.5.1 software (Roche, Basel, Switzerland) was
used to calculate C; values.

2.8 Detection of Extracellular 8-oxo-dG in the Media

For the detection of 8-0x0-dG in the medium, a
modified competitive enzyme-linked immunosorbent assay
(ELISA) method was applied. The method was set up and
described by us previously [38,39]. Firstly, the samples
were pre-purified using a Bond Elute column to remove
compounds that can cross-react with the primary antibody
used in the ELISA method. The pre-purification step was
performed two times. For the detection of 8-0x0-dG, 1
mL medium was used and processed following the proto-
col provided by the company Health Biomarkers Sweden
AB, Stockholm, Sweden. All samples were analyzed in
triplicate and the concentration of 8-0xo0-dG was calculated
based on a standard curve covering concentration ranges of
8-0x0-dG from 0.05 to 10 ng/mL. The concentration of 8-
ox0-dG was expressed as ng per one million cells.

2.9 Statistical Analysis

For each endpoint studied, at least three independent
experiments were performed. The Student’s ¢-test was used
to determine the p-values to compare results for irradiated
and un-irradiated cells. Plotted results represent the aver-
age of experiments and bars correspond to standard error or
standard deviation (indicated in the figure legends). A p-
value lower than 0.05 was chosen to indicate a significant
difference. The effect and interaction of the three factors—
weeks in culture, exposure (to 12 mGy/h and no exposure),
and the age (P8 and P13) on population doubling and 8-
oxo-dG—were investigated by three-way ANOVA statis-
tical analysis with Tukey post-hoc test. The analysis was
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performed on the data sets to examine which of the three
factors show an effect and between which factors interac-
tion can be observed.

3. Results
3.1 Population Doublings

The number of population doublings (PDs) of the P8
control cells (Fig. 2A) was about 2.5 £ 0.30 per week ini-
tially and then gradually decreased to 1.86 £ 0.40 after 6
weeks and to 1.15 £ 0.30 per week after 8-9 weeks (P17—
P18), resulting in a total of 18.05 & 0.25 PDs within 9
weeks. Chronically irradiated P8 cells (12 mGy/h) had a
slightly lower PD during the first week (1.8 + 0.10), which
gradually decreased to 1.1 £ 0.05 after 6 weeks and reached
0.95 £ 0.10 after 9 weeks, resulting in a total of 11.52 +
0.05 PDs within 9 weeks. For P13 cells (Fig. 2B), the corre-
sponding number of PDs of non-irradiated control cells was
initially 2.05 £ 0.25 per week, then gradually decreased to
1.3 £ 0.1 after 6 weeks and to 0.80 &£ 0.20 after 9 weeks in
culture, a total of 11.70 £ 0.40 PDs within 9 weeks. Mean-
while, the numbers for chronically irradiated P13 were 1.40
=+ 0.05 PD initially, decreasing to 0.50 £ 0.37 PD after 6
weeks, and 0.50 4+ 0.20 after 9 weeks of irradiation, result-
ing in atotal of 6.17 = 0.50 PDs within 9 weeks. In compar-
ison with the corresponding controls, the time-dependent
reductions of PD were significantly greater for P13 than
for P8 after 8 weeks (p = 0.04) and 9 weeks (p = 0.02)
of exposure, indicating that radiation affects the prolifer-
ation of P13 more than the proliferation of P8. Three-way
ANOVA (Supplementary Table 1) analysis also showed
a significant effect of interaction between treatment (expo-
sure to 12 mGy/h dose) and age of the cells (treatment x
age) on PD. At passage 18 (Fig. 2B), the PD of the non-
irradiated P13 cells was calculated to be 1.5 times per week,
while the corresponding irradiated cells had less than one
doubling per week, indicating that irradiated cells entered
senescence prematurely (stress-induced senescence status).
In the present project, P13 cells irradiated chronically for 6
weeks were chosen as premature senescent (PS).

3.2 Study of Oxidative Stress Response by Determination
of 8-ox0-dG in Cell Culture Medium

In order to compare the oxidative stress response be-
tween P8 and P13 cells, the cells were exposed to a chronic
low dose rate of ionizing radiation for 8 weeks as described
in the materials and methods. Then, the weekly levels of
8-0x0-dG in the cell culture media from irradiated and non-
irradiated cells were analyzed. The slopes of the curves
shown in Fig. 3A were calculated using linear regression
as estimates of average increments of 8-0xo0-dG per million
cells and week. This comparison showed that the irradiated
P13 cells produced significantly (p = 0.035) larger amounts
of 8-0x0-dG compared to the irradiated P8 cells (on aver-
age 27 + 7 and 45 4+ 10 ng/10° cells per week, respec-
tively) and that the non-irradiated P13 cells produced signif-
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Fig. 2. Pupulation doublings of P8 and P13 cells under chronic
exposure to 12 mGy/h. (A) Young cells, passage 8 (P8); and (B)
middle-aged cells, passage 13 (P13) with (" @) and without (-
A-) exposure to chronic 12 mGy/h. Each data point is an average
calculated from three independent experiments. Error bars indi-

cate standard errors.

icantly (p = 0.045) larger amounts than the non-irradiated
P8 cells (on average 26 + 5 and 16 & 4 ng/10° cells per
week, respectively). Results from the three-way ANOVA
(Supplementary Table 2) analysis were consistent with
these results and showed that there was a significant effect
of interaction between the treatment (exposure or no expo-
sure) and age of the cells (treatment x age) on the 8-o0x0-dG
levels.

Additionally, we analyzed the expression of 2 proteins
involved in oxidative stress, HO1, and hMTH1. The results
are summarised in Fig. 3B,C. The results on HO1 (Fig. 3B)
indicate no differences in the expression of HO1 among
P19-C, P19 1R, P19 ST, and P23. However, compared with
P8, a generally lower expression of HO1 was found in P19-
C, P19-ST, P19-IR, and P23. The results in Fig. 3C, indi-
cate a slightly, p = 0.09, decreased level of h(MTHI1 expres-
sion in non-irradiated P19-C compared to P8 cells. The ex-
pressions were increased in the exposed P19-ST and P19-IR
cells as compared with P19-C. The levels of hAMTH1 were
similar in P8, P19-IR and P23.
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senescent cells. Radiation induced extracellular 8-0x0-dG in the
P8 and P13 cells (A) and the levels and the expressions of (B) HO1
and (C) hMTHI1 proteins in the different passages of the cells used
in the study. The solid lines in Fig. 3A are non-irradiated control
cells, and the dash lines are cells exposed at 12 mGy/h. The values

are presented as mean =+ standard error, n = 3.

3.3 Characterization of Senescence by Analysing Telomere
Length, P21 Expression, and SA-(3-gal Staining

The 6-week chronically irradiated P13 (P19-ST, P19-
IR, and control non-irradiated P19-C cells), as well as RS
(P23) and young cells (P8) were prepared for telomere
length quantification, SA-(-gal staining and expression of
P21. The results of telomere length quantification by Real-
Time PCR are presented in Fig. 4A. The data on telom-
ere length were expressed relative to the telomere length

&% IMR Press


https://www.imrpress.com

of young cells (here P8) and indicated that the telomere
lengths of the cells were significantly shortened when the
cells reached P19 and P23. Moreover, P19-ST and P19-IR
had significantly shorter telomeres in comparison with P19-
C, indicating that 6 weeks of chronic irradiation speeds up
the process of telomere shortening and senescence in VH10
cells.

The results of SA-S-gal staining are presented in
Fig. 4B. The results showed a significantly elevated per-
centage of SA-S-gal-positive cells in P23 (~55%) as com-
pared with P8 cells (~15%). The levels of SA-3-gal-
positive cells were slightly (non-significantly) increased
in the P19-ST, P19-IR, and P19-C as compared with P8
cells. Five representative pictures of SA-[3-gal-positive
cells (captured with a light microscope) in different cell
passages are presented in Fig. 4C. A negative linear cor-
relation (using Pearson correlation coefficient analysis) be-
tween SA-(-gal-positive cells and telomere lengths was
found (Fig. 4D), r=-0.717. Additionally, the expression of
P21 in the cells was investigated to check the growth arrest.
The results are summarised in Fig. 4E and show that the ex-
pression of P21 was significantly lower in P8 cells than in
the P19-C, P19-ST, P19-IR, and P23 cells indicating that the
levels of the growth-arrested cells were significantly higher
in P19s and P23 cells than in P8 cells.

3.4 DNA Repair Kinetics of Young and Senescent Cells
Using yH2AX Foci Assay

vH2AX foci have been considered as a surrogate
marker of DNA double-strand breaks (DSBs) [40]. In the
present investigation, VH10 cells at different passages (P8,
P19-C, P19-ST, P19-IR, and P23) were irradiated acutely
by 1 Gy gamma radiation to induce DSBs. The levels of
~vH2AX foci were investigated in the cell nuclei at different
time points (from 45 min up to 48 h) after acute irradiation.

The results are summarized in Fig. 5A,B. The results
presented in Fig. SA show that P8 VHI10 cells have low
steady-state levels of YH2AX foci (~0.20 £ 0.05). Expo-
sure to 1 Gy gamma radiation increased YH2AX focito ~17
=+ 2 per cell at 45 min post-irradiation incubation, and then
after 24 h of repair time, the levels of YH2AX foci returned
to steady-state levels (~0.3 £ 0.1). The P23 cells had ~3.5
=+ 1.3 yH2AX foci before irradiation, and exposure to 1 Gy
gamma radiation resulted in ~22 =+ 2 foci per cell at 45 min
post-irradiation incubation and ~10 + 1 foci remained after
24, as well as 48 h. The data indicate that RS cells have high
steady-state levels of DSBs and that they repair the DSBs
at a slower rate than the young P8 VH10 cells.

DNA DSB repair kinetics were also established for the
PS cells, LDR-irradiated P19-ST and P19-1IR, and their non-
irradiated control cells, P19-C. The results are presented in
Fig. 5B. Comparing the formation and repair of DSBs be-
tween the P19 cell types, no significant differences were
observed. However, all the P19 cells had slightly elevated
~vH2AX foci before irradiation (3.5 + 0.5), and the remain-
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ing levels of YH2AX foci after 24 and 48 h of exposure
were ~4.5 + 0.7 foci. The results indicate that: (a) PS cells
(P19-ST and P19-IR) have almost the same DNA repair ki-
netics as their control cells (P19-C); (b) P19 cells may have
a DNA repair kinetics that is similar to P§. Representative
microscopy pictures of YH2AX foci levels before and after
irradiation by 1 Gy are presented in Fig. 5C,D.

3.5 Analysis of Colocalization of YH2AX and Telomeres

Next, we wanted to investigate if the elevated YH2AX
foci in the premature and senescent cells before irradiation
and 48 h after 1 Gy irradiation were localized in the telom-
eric area. We exposed all the cells to 1 Gy acute radiation
and investigated the levels of YH2AX foci which were lo-
cated in the telomeres by co-staining the telomeres and the
vH2AX foci using a Zeiss LSM 800 microscope equipped
with an AiryScan detector at the microscope core facility of
Stockholm University. The results are presented in Fig. 6A
and expressed as telomere dysfunction-induced YH2AX
foci (TIF) per cell as defined previously [41]. Based on
diameter size, the foci were divided into 2 groups: more
than 1 pm were considered “big foci” and less than 1 pm
considered “small foci”, as previously described [42].

By measuring the diameter of YH2AX foci in the
telomeres, we found that the big YH2AX foci were not lo-
calized in the telomeres, neither in the non-irradiated cells
nor 48 h after 1 Gy radiation. The diameter of YH2AX
foci in the telomeres was less than 0.4 um. These colo-
calized telomere/YH2AX foci were considered telomere
dysfunction-induced foci (TIFs) [41]. The results on TIF—
summarized in Fig. 6A and Table 1 and some representative
examples of images presented in Fig. 6B,C—indicated that
the level of TIFs increased with the increasing age of the
cells in most of the cells, both spontaneously (in P19-C),
and by LDR irradiation (LDR-irradiated P19-ST and P19-
IR controls), as well as 48 h after acute 1 Gy irradiation.
The exception was the levels of TIFs in P19-ST and P19-
IR which were similar. The levels of TIFs were increased
significantly in the irradiated P19-C and P23 cells as com-
pared with irradiated P8 cells. The overall results indicated
that the cells accumulate TIFs as a function of age. Expo-
sure to LDR also significantly increased the levels of TIFs
in P19-ST and P19-IR cells (please see Table 1), which were
exposed to LDR but not exposed to 1 Gy acute. Slightly in-
creased levels of TIFs were observed in the 1 Gy irradiated
P19-ST (p=0.09) and P19-IR (p < 0.05), as compared with
irradiated P19-C cells. In summary, the results indicate that
the levels of TIFs increased in the RS and PS as compared
with their corresponding controls.

We also observed that the size of the nuclei was
changed by the age of the cells. The data in Fig. 6D showed
the average size of the nuclei in the cells. The results are
presented as pixel areas of DNA stained by DAPI and indi-
cate a significantly larger nucleus in the senescent cells than
in the young P8 cells (p < 0.001). However, no significant
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changes in the size of the nucleus were observed comparing
premature senescent cells, P19-ST and P19-IR, with P19-C
control cells.

4. Discussion

Accumulation of senescent cells is thought to be
involved in tissue aging [43]. Cellular senescence is
characterized by a permanent cell cycle arrest in parallel
with specific metabolic, morphological, and transcriptional
changes. Although loss of cell proliferation is limiting the
viability of organs and tissues, the senescent cell is still
functional and can sustain organ function for a significant

length of time. This is a remarkable mechanism of evolu-
tion that balances the fate of the biological clock and leads
to the optimization of the life span of organs to benefit
the organism. However, conditions that induce premature
senescence will inevitably shorten the viability of tissues
and organs, and could shorten the life span of the organ-
ism [44]. The literature also reports on a variety of other
beneficial effects of senescent cells, e.g., they contribute
to wound-healing [45], improve insulin secretion and delay
diabetes [46], exert tumor suppressive activity both by pro-
liferation arrest and by activating immune response [47,48]
and contribute to embryonic development [49].
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Table 1. p-values based on comparison of the TIFs in Fig. 6A.

Sample Average + SE Sample Average p values
P8 Control 1.91 +0.45 A P81Gy48h 3.88 £0.42 p <0.01
P8 Control 1.91 +0.45 VS P19-C Control 795+ 1.13 p < 0.0001
P8 Control 1.91 +0.45 VS P19-IR Control 12.32 £ 1.52 p < 0.0001
P8 Control 1.91 + 045 VS P19-ST Control 11.55 £ 1.29 p < 0.0001
P8 Control 1.91 £ 045 VS P23 Control 18.27 £2.72 p < 0.0001
P81Gy48h 3.88 +0.42 VS PI9-C1Gy48h 10.71 +£1.58 p < 0.001
P81Gy48h 3.88 +£0.42 VS PI9-IR1Gy48h 1475+ 1.91 p < 0.0001
P81Gy48h 3.88 £ 0.42 VS PI9-ST1Gy48h 1633 £2.26 p < 0.0001
P81Gy48h 3.88 +£0.42 VS P23 1Gy48h 28.55 +2.55 p < 0.0001
P19-C Control 7.95 4+ 1.13 VS PI9-C1Gy48h 10.71 +1.58 nc (p =0.09)
P19-C Control 7.95 + 1.13 VS P19-IR Control 12.32 £ 1.52 p <0.05
P19-C Control 795+ 1.13 VS P19-ST Control 11.55+ 1.29 p <0.05
P19-C Control 795+ 1.13 VS P23 Control 18.27 £2.72 p < 0.0001
P19-C1Gy48h 1071+ 1.58 VS P19-IR1Gy48h 1475+ 191 nc (p=0.08)
P19-C1Gy48h 1071 +£1.58 VS PI19-ST1Gy48h 1633 +£2.26 p <0.05
P19-C1Gy48h 10.71 £ 1.58 VS P23 1Gy48h 28.55 +2.55 p < 0.0001
P19-1R Control 1232+1.52 VS PI19-IR1Gy48h 1475+ 191 nc (p =0.16)
P19-1R Control 1232+ 152 VS P19-ST Control 11.55 +£1.29 nc (p =0.35)
P19-IR Control 1232+ 152 VS P23 Control 18.27 £2.72 p <0.05
P19-IR 1 Gy48 h 1475+192 VS PI19-ST1Gy48h 16.33 +£2.26 nc (p =0.03)
P19-IR 1 Gy48h 1475+192 VS P231Gy48h 28.55 £2.55 p < 0.001
P19-ST Control 11.554+129 VS PI19-ST1Gy48h 16.33 +£2.26 p <0.05
P19-ST Control 11.55+ 129 VS P23 Control 18.03 £2.72 p <0.05
P19-ST1Gy48h 1633 £226 VS P23 1Gy48h 28.55 £ 2.55 p<0.01

nc, no significant change; TIF, telomere dysfunction-induced YH2AX foci.
P19-IR control and P19-ST control were exposed only to LDR.

The majority of results on studies related to radiation-
induced senescence are based on radiotherapy using high
doses and high dose rates where a significant amount of
DNA damage is produced within a short time leading to ac-
tivation of the DNA damage response, permanent cell cycle
arrest/senescence and/or apoptosis [50,51]. Notably, stud-
ies investigating the effects of chronic LDR exposure on
cellular and organism aging are few and thus interesting to
explore. In the current study, we used a cell culture incu-
bator with a cesium source with low activity placed below
the incubator, capable of delivering different dose rates by
shielding and adjusting the distance from the source in the
incubator where the cells are cultured. In the present ex-
perimental design, the cells received a constant 12 mGy’h
during growth, taking about 83 h to deliver 1 Gy to cells.
One Gy leads to approximately 40 DSBs. At 12 mGy/h,
about 1 DSB is produced every 2 h reducing the risk for
repair errors due to the interaction of multiple DSBs. This
scenario mimics radiation exposure of organisms that are
living in the contaminated area where they are chronically
exposed to LDR.

We have previously shown that low doses (in the mGy
range) and low dose rates (in the range of 1 to 30 mGy/h)
of gamma radiation are potent inducers of oxidative stress
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[31,52]. It was also shown by other researchers that ex-
posure of mice to repeated low-dose radiation may lead to
radiation-adaptive response and tolerance to higher toxic
doses. The suggested mechanism includes the induction of
ROS. The response of the cells to certain levels of elevated
ROS leads to the expression of antioxidant proteins and
increased protection levels (adaptive response) as a con-
sequence [53]. However, when ROS chronically elevated
to high levels, the antioxidant levels may not be sufficient
to neutralize the excessive levels of ROS, thereby result-
ing in redox homeostasis imbalance and modification of
biomolecules including DNA and dNTP.

Previously, we showed that premature senescence
could be induced by chronic LDR gamma radiation in pri-
mary human fibroblasts, as well as in primary human en-
dothelial (HUVEC) cells [9,16,32]. By applying RNA-seq
and proteome analysis, we showed that several key path-
ways such as PI3K/Akt/mTOR, IGFBPS signaling, elevated
oxidative stress in parallel with activation of immune re-
sponse, and cytoskeletal reorganization were involved in
stress-induced premature senescence [9,15—17].

In order to find out if young and middle-aged pri-
mary fibroblasts respond differently to radiation exposure
in terms of oxidative stress and proliferation rates, we ex-
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Fig. 5. DNA repair Kkinetics of the young, premature senes-
cence (PS) and replicative senescent (RS) cells exposed to 1
Gy. (A,B) DNA repair kinetics based on the YH2AX foci assay in
young P8, middle-aged P19-C, premature senescent P19-ST/P19-
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bers of YH2AX foci from three individual experiments, and the
error bars represent mean =+ standard error. (C,D) Representative
images were taken by fluorescence microscopy: YH2AX-staining
in green and nuclei in red. ***: p < 0.001, **: p < 0.01 and *: p
< 0.05.

posed them to the LDR for 9 weeks. The results are pre-
sented in Fig. 2B and indicate that chronic irradiation slows
down the PD of the middle-aged cells (P13) by 50% at week
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Fig. 6. Telomeric DNA damage and nucleaus size of the young,
PS and RS cells. (A) The levels of telomere dysfunction-induced
foci (TIFs) in young, premature senescent, and replicative senes-
cent cells, in the LDR-irradiated control cells (cell exposed to LDR
but not to 1 Gy acute) and in the LDR-irradiated cells exposed to
1 Gy, 48 h after the exposure, nc indicates a p-value > 0.05, no
significant change, otherwise, the p-values are <0.05; (B,C) are
examples of nuclei (in blue) stained for YH2AX (green) and telom-
eres (red) before and after irradiation and in the Fig. 6C, examples
ofbig and small foci, and TIF are shown; and (D) the bars show the
average size of the nuclei & standard error presented as pixel area

of DNA stained by DAPI. ***: p < 0.001 and nc: no significant
change.

9, from 11.70 + 0.4 (without irradiation) to 6.17 £ 0.5 (with
radiation), while in the parallel experiment, where young P8
cells were irradiated (Fig. 2A), the PD decreased by 40%,
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from 18.05 4= 0.25 to 11.52 4 0.05. The relative decreases
for P13 were significantly higher than for P8 at 9 weeks
(p = 0.02) of exposure, indicating that radiation affects the
PD of P13 more than that of P8. The three-way ANOVA
analysis (Supplementary Table 1) strengthens the results
and indicates that the interaction of the two factors radiation
treatment x age of the cells (P8 and P13) have a significant
effect on PD. This could be due to several reasons. First, the
young cells may have an antioxidant system that can neu-
tralize ROS more effectively than that of middle-aged cells,
as shown in Fig. 3B, in which the levels of HO1 seem to be
higher in P8 cells than in P19s and P23. HO! is one of the
downstream of Nrf2, the main regulator of the antioxidant
system [54]. Lower antioxidant levels lead to elevated ROS
in the cells that can damage DNA and other biomolecules
which may halt cell division rate [55]. The results on the
levels of extracellular 8-0xo0-dG (Fig. 3) also showed that
young P8 cells produced significantly (p = 0.003) less 8-
ox0-dG when exposed to 12 mGy/h (27 £ 7 ng/10° cells
per week) compared to the middle-aged P13 cells (45 + 10
ng/10 cells per week). This indicates that P8 cells have
a more effective antioxidant system, inhibiting the reac-
tion of ROS with cellular biomolecules including DNA and
dNTP, and keeping their normal physiological functions.
The three-way ANOVA analysis (Supplementary Table 2)
indicates that the two factors “radiation x age” of the cells
have significant effects on the extracellular 8-oxo-dG.

During LDR exposure, ROS are produced and can re-
act with NTP in the cytoplasm, producing different muta-
genic modified INTP such as 8-oxo-dGTP. A protein called
hMTH1 dephosphorylates 8-0xo-dGTP to 8-oxo-dGMP,
and then to 8-0x0-dG, which can be released from the cells
to the extracellular environment to avoid the induction of
mutation during replication [56]. Additionally, h(MTHI is a
multifunctional protein involved in cell cycle arrest and PS
[22]. Next, we wanted to investigate the level of h(MTHI1 in
the PS and RS cells. The results presented on P19-ST cells
in Fig. 3B, and P19-ST/P19-IR in Fig. 3C indicate that the
levels of h(MTHI are not significantly changed by cell age
or LDR exposure, although a non-significant decrease of
both HO1 and hMTH1 were observed in P19-C and P23
cells. One explanation is that we measured only expression
levels of hMTH1 and HO1, not the activity levels, and per-
haps LDR exposure change the activity of the proteins. An-
other explanation is that other antioxidants that are more ef-
fective in neutralizing ROS than HO1 have been expressed
by the cells due to several weeks of LDR exposure. The
more effective antioxidants significantly reduce the levels
of ROS which can cause no change in the levels of HO1 and
hMTHI1 in the LDR-exposed cells.

Furthermore, exposure to chronic oxidative stress
from LDR exposure can lead to a more extensive telom-
ere length shortening than that of corresponding LDR-non-
irradiated control cells, thus slowing down the growth. The
results presented in Fig. 4A indicate that telomere lengths
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in P23 cells are significantly shorter than in young P8 cells.
Furthermore, LDR-irradiated P13 cells (P19-ST and P19-
IR) have significantly shorter telomere lengths than the cor-
responding control (P19-C). Very short telomeres can be
recognized by the cells as DNA damage which can lead
to activation of DNA damage response and cell cycle ar-
rest and thus lower PD. The data indicate that exposure to
chronic oxidative stress induces telomere shortening which
may slow down or/and inhibit proliferation [57]. A linear
relationship was indicated between telomere shortening and
the percentage of the SA-/3-gal-positive cells (Fig. 4D, r: —
0.717) indicating that both telomere length measurements
and SA-3-gal are good markers of senescence.

Given that acute gamma radiation of 1 Gy induces 30—
40 DSBs and 1000 single-strand breaks (SSBs) in total, 12
mGy/h will lead to approximately 8-9 DSBs and 200-300
single-strand breaks per cell per day and after 6 weeks of
exposure, a total number of about 350 DSBs and 10,000
SSBs per cell have been induced. Due to the random dis-
tribution of DNA damage by ionizing radiation, some of
the DNA damage will end up in the telomeres. As the re-
pair of DNA damage generally is slower in senescent cells
due to lower expression levels of DNA repair proteins [30]
than in young cells (as shown in Fig. 5A,B), the steady-state
level of DNA damage may be higher in the telomeres of
senescent cells and lead to activation of DNA damage sig-
naling and probably cell cycle arrest [21]. The results pre-
sented in Fig. 5B show that only a small fraction of YH2AX
foci which have a size of approximately 0.2 um ends up
in the telomeres. Small YH2AX foci may be indicative of
single-strand breaks [21,58]. It was shown that SSBs in-
duced by exposure of cells to H,O5 can lead to YH2AX.
H50 is known to induce SSBs in cells [59]. In paral-
lel, non-DSB oxidative clustered DNA lesions (OCDLs)
formed from a mixture of closely located abasic sites, oxy-
purines, oxypyrimidines, and SSBs can also lead to phos-
phorylation of H2AX [60,61] via ATM and ATR activation
[40]. Unlike ATM, ATR is activated by a broad spectrum of
DNA damage in addition to DSBs, such as SSBs [62]. Al-
though, in the present report, we did not address the nature
of the DNA damage or YH2AX in the telomeres, we pro-
pose that the small size YH2AX foci detected in the telom-
eres of the senescent cells may be SSBs.

One of the important questions that we intended to an-
swer in the present project was if RS and PS have sim-
ilar characteristics. Using the same experimental design
as previously published [9,15,17,32], we exposed the P13
cells to LDR ionizing radiation for 6 weeks. One of the
characteristics of senescence is that the cells are perma-
nently/irreversibly arrested in the cell cycle. To confirm
the irreversibility, following exposure to LDR, the cells
were divided into two cell culture flasks, one was kept for 2
weeks in an incubator without radiation, allowing the cells
to recover from the radiation effect (P19-ST). The cells in
the other flask were kept under the same conditions as the
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first flask but in the incubator with continuous irradiation
(P19-IR). The experimental design is important because by
comparing the LDR effects between the P19-1R and P19-ST
cells, we could investigate if the results obtained (effects of
LDR exposure) are irreversible.

The results presented in Fig. 4A showed that P19-C,
P19-ST, P19-IR, and P23 cells have significantly shorter
telomere lengths as compared with P8 cells, confirming that
telomere shortening is a marker of cellular aging. Notably,
the P19-ST and P19-IR have also shorter telomere lengths
than the P19-C control, indicating that LDR exposure (P19-
ST and P19-IR cells) can result in telomere shortening and
cause PS through induction of ROS and oxidative stress as
a consequence [32]. Increased levels of ROS by LDR will
lead to oxidative base damages and single-strand breaks in
DNA, part of which can be localized in the telomeres, re-
sulting in telomere shortening [63].

Considering SA-3-gal results (Fig. 4B), significant el-
evated levels of SA-S-gal were found in P23 and P19s cells
as compared with P8 cells but no differences were found be-
tween the P19-ST/P19-1R and the P19-C cells. The results
indicate different mechanisms of PS compared with RS. It
was reported by another research group that the characteris-
tics of PS and RS might be different considering SA-/3-gal
activity [64]. Later on, it was also shown that cells arrested
in G1, e.g., extended incubation of the cells at high density,
have an increased SA-3-gal activity [65]. Additionally, it
was reported that the majority of PS cells (induced by dox-
orubicin) were arrested in the G2/M phase, while the major-
ity of the RS cells were arrested in the G1 phase [66]. Ion-
izing radiation is well-known to induce G2/M phase arrest
[67]. Taken together, the higher levels of SA-/3-gal active
cells which are observed in the P23 population can be ex-
plained by the fact that PS and RS cells are arrested in the
different cell cycle phases and thus have different SA-5-gal
activities.

It was reported that prolonged overexpression of P53,
RB, P16,0r P21 is sufficient to induce senescence [68]. In
the present investigation, the P21 expression was deter-
mined as a marker of senescence. The results presented
in Fig. 4E showed that P21 expressions were elevated in
P19-C, P19-ST, P19-IR, and P23 cells as compared with
the levels of that in the P8 cells. The results indicate that
P21 is upregulated in all senescent cells and LDR exposure
has no effects on the expression of P21. One explanation
is that the level of P21 is already two folds upregulated and
leveled off in the P19-C cells and the addition of LDR expo-
sure (in P19-ST and P19-IR) cannot result in an additional
increase of the P21 expression. P21 can induce and main-
tain the senescence condition of a cell [69].

Further, we exposed the cells acutely to 1 Gy and es-
tablished their DNA repair kinetics using the YH2AX foci
assay. The results in Fig. 5A showed that P8 cells repaired
all the DSBs (YH2AX foci) induced by radiation within 24
h, while P23 cells had remaining YH2AX 24 and 48 h after

12

exposure. Except for the slightly higher number of foci at
24 h after 1 Gy in P19-C compared with P19-ST cells, we
observed no significant differences between P19-ST, P19-
IR, and P19-C 24 h or 48 h after 1 Gy irradiation, indicat-
ing that the LDR exposure has no effect on DNA repair ki-
netics of the cells. Notably, a significant increase of TIFs
was also observed in P19-ST and P19-IR control cells that
were exposed to only LDR as compared with P19-C non-
exposed cells, indicating that the LDR exposure increases
DNA damage in telomeres and causes telomere shortening.
As mentioned above, this could be due to elevated ROS pro-
duction of LDR, leading to induction of DNA damage and
accumulation of the damages in the telomeres, which can
result in premature senescence [63,70]. Interestingly, the
P19-ST cells seem to accumulate significantly more DNA
damage in the telomeres 48 h following acute exposure to 1
Gy (Fig. 6A) as compared with corresponding P19-C cells.
Comparison of the results on DNA repair kinetics (Fig. 5B)
with the numbers of YH2AX foci localized in the telom-
eres (Fig. 6A) shows that P19-C, P19-ST, and P19-IR cells
have similar repair kinetics and can repair DNA damage
induced by 1 Gy elsewhere in the genome with the similar
kinetics. Additionally, the results in Fig. 5B showed that
the non-irradiated P19-C and the LDR-exposed P19-IR and
P19-ST cells have accumulated almost four YH2AX foci
before exposure to 1 Gy acute. Perhaps, these cells have
been adapted to LDR exposure by expressing several DNA
repair proteins. When the cells are exposed to 1 Gy acute,
they can quickly use the DNA repair protein reservoir and
repair the DNA damage. This can explain why the P19-C,
P19-ST, and P19-IR cells have similar repair kinetics. Ele-
vated levels of DNA damage have frequently been observed
in senescent cells [71] as a result of either a direct attack on
DNA by ROS [72] or by telomere shortening.

Once the telomeres are shortened beyond a critical
level, the proteins that form the Shelterin complex are un-
able to associate with the telomeric sequence and can no
longer perform their role in capping the end of the chromo-
some. Therefore, the length is a major limiting factor in the
function of telomeres. Interestingly, a decreased expres-
sion of DNA repair genes in senescent cells was reported,
which may explain the accumulation of DNA damage in RS
cells [30] but less is known about the accumulation of DNA
damage and DNA repair kinetics of LDR-induced PS. The
data indicate that elevated ROS levels in the RS, in paral-
lel with a decreased expression of DNA repair genes and a
less effective antioxidant system, may lead to an increased
accumulation of DNA damage in RS.

We also found that senescent cells have a significantly
larger nucleus size than the young cells (Fig. 4D). Nuclear
enlargement was observed in senescent—glioma cells, pri-
mary astrocytes, and human fibroblasts [73—75]—and is
suggested to be mediated by MAP kinases [74]. Although
nuclear enlargement and alteration in nuclear structure do
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not appear to be a universal phenotype for senescence, the
data suggest that nuclear enlargement may be an additional
characteristic of cellular senescence [76].

5. Conclusions

In conclusion, our results showed that 6 weeks of
chronic oxidative stress from exposure to LDR initiates
P13 cells to enter PS. The PS was confirmed by deter-
mining telomere length and comparing it with control non-
irradiated cells. We also showed that: (a) the baseline levels
of YH2AX were lower in the young cells as compared with
RS or all PS cells, and LDR exposure had no significant
effect on that; (b) the young cells repaired DSB in terms
of YH2AX induced by 1 Gy faster than the RS, and PS
cells (P19-ST and P19-IR) had similar DNA repair kinet-
ics as corresponding control. The results indicate different
mechanisms involved in PS and RS, and LDR had no ef-
fects on the kinetics; (c) as compared to middle-aged cells,
young cells coped with oxidative stress of chronic irradia-
tion more effectively; (d) PS and RS cells showed signifi-
cantly elevated levels of TIFs and significant increments of
TIFs were observed in the LDR exposed cells (not exposed
to 1 Gy acute); and (e) LDR had no significant effects on
cell age, which was indicated by HO1 and P12 levels. We
also observed that the telomeres of PS (P19-ST and P19-IR)
and RS (P23) cells contain small size YH2AX foci, not the
big foci, indicating that the DNA damages that are accumu-
lated in telomeres may be SSBs rather than DSBs. Finally,
our data indicate that the characteristics of premature and
replicative senescence overlap in some extents, e.g., telom-
ere length and TIFs, but differ in DNA repair kinetics, size
of nucleus, and SA--gal levels.
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