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Am J Physiol Cell Physiol 318: C1005-C1017, 2020. First published
April 1, 2020; doi:10.1152/ajpcell.00520.2019.—The role of cellular
senescence induced by radiation in bone loss has attracted much
attention. As one of the common complications of anticancer radio-
therapy, irradiation-induced bone deterioration is common and clini-
cally significant, but the pathological mechanism has not been eluci-
dated. This study was performed to explore the cellular senescence
and senescence-associated secretory phenotype (SASP) induction of
bone marrow-derived mesenchymal stem cells (BMSCs) by irradia-
tion and its role in osteogenic differentiation dysfunction. It was
observed that irradiated BMSCs lost typical fibroblast-like morphol-
ogy, exhibited suppressed viability and differentiation potential ac-
companied with senescence phenotypes, including an increase in
senescence-associated [3-galactosidase (SA-B-gal) staining-positive
cells, and upregulated senescence-related genes p53/p21, whereas no
changes happened to p/6. Additionally, DNA damage y-H2AX foci,
GO0/G1 phase of cell cycle arrest, and cellular and mitochondrial
reactive oxygen species (ROS) increased in an irradiation dose-
dependent manner. Meanwhile, the JAK1/STAT3 pathway was acti-
vated and accompanied by an increase in SASP secretion, such as
IL-6, IL-8, and matrix metalloproteinase-9 (MMP9), whereas 0.8 pM
JAKI1 inhibitor (JAKi) treatment effectively inhibited the JAK path-
way and SASP production. Furthermore, conditioned medium (CM)
from irradiation-induced senescent (IRIS) BMSCs exhibited a mark-
edly reduced ability in osteogenic differentiation and marker gene
expression of osteoblasts, whereas CM with JAKi intervention may
effectively improve these deterioration effects. In conclusion, irradi-
ation could provoke BMSC senescence and SASP secretion and
further aggravate osteogenic differentiation dysfunction via paracrine
signaling, whereas SASP targeting may be a possible intervention
strategy for alleviating irradiation-induced bone loss.

bone marrow mesenchymal stem cells; cellular senescence; irradia-
tion; osteogenic differentiation; SASP

INTRODUCTION

With cancer incidence rising, radiotherapy has become
widely used in anticancer treatment. Although radiotherapy
technology has been developing continuously, patients still
inevitably suffer from a certain degree of damage to surround-
ing normal tissue. Irradiation-induced bone loss has been a
challenge for many years, especially among patients with
cancer undergoing radiotherapy, who suffer from a high risk of
fracture (9, 36, 37, 39). Specific evidence for the adverse side
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effects of irradiation on the bone system was observed in
patients who received radiotherapy for urinary and gynecologic
tumors, and the incidence of postradiation pelvic insufficiency
fractures (PIFs) was up to 10-29%, predominantly in the hips,
which may cause refractory pain and impair the life quality of
the patients (38). Similarly, astronauts who participate in long-
duration flight are unavoidably exposed to space radiation and
have a considerable bone loss of 1-2% of bone mass per month
in flight, occurring mainly in the load-bearing parts of the
lumbar spine and legs. Even 6 mo after landing, damage to the
trabecular region has not been recovered (22). Thus it can be
seen that irradiation-induced bone loss has long been an urgent
challenge. However, the underlying pathological mechanisms
have not yet been elucidated because of its multicellular
regulation in bone tissue.

Historical studies have demonstrated that ionizing radia-
tion, a significant factor that could directly cause a high
level of DNA damage and oxidative stress, can lead to
cellular apoptosis and senescence in vivo and in vitro. In the
radiotherapy for the keloid, previous studies have suggested
that X-ray radiation can prevent the recurrence of keloid by
cell cycle arrest and premature cell senescence (6, 19, 24).
On the other hand, irradiation-induced cell and tissue senes-
cence is more likely to play a crucial role in the pathogen-
esis of many diseases. For example, animal studies have
shown that acute postnatal exposure to =0.1 Gy may sig-
nificantly induce cognitive impairment and aging (31).
Therefore, we speculate that the cellular senescence in bone
tissue induced by irradiation may be one of the important
mechanisms of irradiation-induced bone loss. Although ex-
tensive studies have been conducted on the oxidative stress
and DNA damage in irradiation-induced bone loss, the role
of cellular senescence, one of the worst endings, is still
unclear. It has been clearly understood that oxidative stress
and DNA damage are key factors in triggering cellular
senescence (6) and that the pathophysiology of irradiation-
induced bone loss is very similar to age-related osteoporo-
sis: both have similar pathological changes such as osteo-
genic dysfunction of bone marrow-derived mesenchymal
stem cells (BMSCs), increase of bone marrow fat, dysfunc-
tion and reduction of osteoblasts on the bone surface, and
osteocyte apoptosis (2, 3, 16). In this study, we aimed to
investigate the irradiation-induced cellular senescence phe-
notype and senescence-associated secretory phenotype
(SASP) induction, to explore its role in osteogenic dysfunc-
tion as a pathological mechanism of irradiation-induced
bone loss.
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MATERIALS AND METHODS

BMSC isolation and culture. Primary BMSCs were isolated from
4-wk-old male Sprague-Dawley rats (weight ~100 g) purchased from
the Department of Experimental Animals at Fudan University (Shang-
hai, China). All experimental procedures were approved by the Com-
mittee for Ethical Use of Experimental Animals at Fudan University.
Cervical dislocation was used by the professional experimenter for rat
euthanasia, and then the femurs and tibiae were dislocated immedi-
ately after euthanasia. The animal remains were frozen and sent to the
relevant department for disposal. Muscles and connective tissue were
stripped subsequently, whereafter total bone marrow cells were
flushed by phosphate-buffered saline (PBS) and dissociated into
single-cell suspension with complete medium. After the suspension
was centrifuged at 1,000 rpm for 10 min at 20°C, cells were resus-
pended with a-minimum essential medium (a-MEM; GIBCO) con-
taining 10% fetal bovine serum (FBS; GIBCO) and 1% penicillin-
streptomycin (GIBCO) and seeded for incubation in a humidified
incubator containing 5% CO, at 37°C. Tightly adhered cells were
collected as BMSCs after 48-h culture.

Antibodies. CD29 (bs-0486R-FITC), CD44 (bs-0521R-FITC),
CD34 (bs-0646R), osteocalcin (OC; bs-0470R), and alkaline phos-
phatase (ALP; bs-6292R) were purchased from Bioss Technology
(Beijing, China). CD45 (11-0461-80) was purchased from Thermo
Fisher Scientific (Waltham, MA). y-H2AX (phospho-S139) pri-
mary antibody (ab81299) and rabbit monoclonal antibodies against
pS3 (ab131442), p21 (ab109199), and pl6 (ab51243) were pur-
chased from Abcam (Cambridge, MA). Mouse monoclonal anti-
body against B-actin (AF7018), peroxisome proliferator-activated
receptor-y (PPAR-y; AF6284), Runx2 (AF5186), phospho-JAK1
(Tyr1022/Tyr1023) (AF2012), STAT3 (AF6294), and phospho-
STAT3 (Tyr705) (AF3293) were purchased from Affinity Biosci-
ences (Cincinnati, OH). FITC-labeled goat-rabbit IgG (A0562) and
anti-rabbit and anti-mouse antibodies (A0208 and A0216) were
purchased from Beyotime Biotechnology (Shanghai, China).

Surface marker detection. BMSCs at passage 3 were harvested to
detect surface antigens by flow cytometry, including CD29, CD44,
CD34, and CD45. Briefly, after digestion and centrifugation, BMSCs
were incubated with anti-CD44-FITC (1:200), anti-CD29-FITC (1:
200), anti-CD34-FITC (1:200), and anti-CD45-FITC (1:200) conju-
gated antibodies separately at 4°C in the dark for 30 min. After
incubation, the cells were washed with PBS and tested by a flow
cytometer (Beckman Coulter, Miami, FL).

BMSC irradiation exposure. Sixty to seventy percent confluence
BMSCs were irradiated with increasing doses (0 Gy, 2 Gy, 5 Gy, and
10 Gy) of '¥7Cs gamma rays (Nordion, Ottawa, ON, Canada). Non-
irradiated (0-Gy) cells were placed in the irradiator for the same
period without radiation. After irradiation, all cells were replaced with
fresh medium, cultured for another 2 days, and then seeded for the
subsequent experiments.

BMSC differentiation assay. The passage 3 BMSCs were seeded
and cultured with osteogenic induction medium [o-MEM supple-
mented with 15% FBS, 1% penicillin-streptomycin, 50 mg/L ascorbic
acid, 1078 M dexamethasone (Sigma-Aldrich), and 10 mmol/L
3-glycerol phosphate (China Pharmaceutical Shanghai Chemical Re-
agent Co., Ltd.)] for 7 days, and then alkaline phosphatase (ALP) was
detected. Additionally, the induction process continued for another 2
wk to evaluate the mineralization potential. For adipogenic differen-
tiation, BMSCs were cultured with adipogenic induction medium
[a-MEM supplemented with 15% FBS, 1% penicillin-streptomycin,
0.5 mM 3-isobutyl-1-methylxanthine (I8450; Solarbio), 0.1 mM in-
domethacin (YZ-100258; Solarbio), 10~° M dexamethasone, and 10
pg/mL insulin (I8830; Solarbio)] for 16 days. The medium was
changed every 2 days.

Alkaline phosphatase activity assay. BMSCs were seeded in 48-
well plates at a density of 5 X 10* cells per well or in 96-well plates
at a density of 3 X 10® cells per well. On the seventh day of
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osteogenic induction, cells in 48-well plates were fixed with 2.5%
glutaraldehyde (Sigma-Aldrich) for 5 min and stained with BCIP/
NBT Alkaline Phosphatase Color Development Kit (C3206; Beyo-
time Biotechnology) for 30 min at 37°C. ALP-positive cells were
stained purple or blue, and images were captured to observe ALP
staining. Meanwhile, cells in 96-well plates were lysed by 100 L
0.05% Triton X-100 (T8200; Solarbio) for 2 h at 4°C, followed by
ultrasonic oscillation for 3 X 10 s on ice. Fifty microliters of lysate
were mixed with 150 pL detection buffer [diethanolamine and p-
nitrophenyl phosphate (PNPP) at a ratio of 2:1] for 30 min at 37°C. At
the end point, 50 wL NaOH (0.2 mol/L) were added to stop the
reaction, and the absorbance at 405 nm was measured to calculate the
ALP activity from the p—nitrophenol standard curve. ALP activity was
calibrated by total cellular protein and expressed as units per milli-
gram protein.

Alizarin red staining and Oil Red O staining. The passage 3
BMSCs were seeded in 48-well plates at a density of 5 X 10* cells per
well. After 21-day osteogenic induction, alizarin red staining was
performed to count the mineralization nodules. Shortly, cells were
fixed in 95% ethanol for 30 min and incubated in 0.1% Alizarin Red
S (Sigma-Aldrich) solution (pH = 7.2) for 1 h at room temperature. In
addition, Oil Red O (Sigma-Aldrich) staining was used to observe the
positive cells through 16-day adipogenic induction. After fixation with
4% paraformaldehyde (P1110; Solarbio), cells were gently rinsed with
60% isopropanol and then stained with Oil Red O dye solution for 30
min at room temperature.

BMSC morphology and viability assay. Cells were stained with
tetramethylrhodamine (TRITC)-phalloidin (CA1610; Solarbio) ac-
cording to the manufacturer’s instructions. Nuclei were counterstained
with 4',6-diamidino-2-phenylindole (DAPI, D212; Dojindo). The flu-
orescence images were captured by a Leica fluorescence microscope
(Leica Microsystems, Wetzlar, Germany).

Cell Counting Kit-8 (CCK-8, CK04; Dojindo) and colony-forming
unit (CFU) assay was used to evaluate cell viability. Briefly, cells
(3,000 per well) were seeded into 96-well plates and then incubated
with 10 wL CCK-8 for 2 h at 37°C. The absorbance at 450 nm was
measured by a microplate reader (Bioteck, Italy). Meanwhile, the
BMSCs were trypsinized into a 200 cells/mL single-cell suspension
and evenly seeded at 5 mL into a petri dish. After 2-wk static culture,
visible cell colonies were observed, fixed with methanol for 15 min,
and incubated with Crystal Purple (C8470; Solarbio) for 10 min, and
CFU was assayed.

Senescence-associated [3-galactosidase staining. Senescent BMSCs
were verified by senescence-associated [(3-galactosidase (SA-[-gal)
staining according to the instructions of the SA-B-gal staining kit
(C0602; Beyotime Biotechnology). Cells were fixed for 15 min at
room temperature, rinsed with PBS, and stained (pH = 6.0) overnight
at 37°C without CO». Six randomly chosen fields were photographed
with a light microscope, and the percentage of senescent cells was
calculated in a total of ~200 cells from each image.

Reactive oxygen species measurement. About 2 X 10° cells per
well in 6-well plates were incubated in 10 uM 2',7'-dichlorodihydro-
fluorescein diacetate (DCFH-DA, S0033; Beyotime Biotechnology)
for 10 min at 37°C. Green fluorescence intensity under a fluorescence
microscope represents intracellular reactive oxygen species (ROS)
level. In addition, ~5 X 10° cells per well in 48-well plates were
incubated in 0.5 M MitoSOX (40741ES50; Yeasen Biotechnology)
for 15 min at 37°C. Red fluorescence intensity under a fluorescence
microscope labeled mitochondrial ROS.

Cell cycle analysis. Cell cycle phase was detected by a cell cycle
staining kit (70-CCS01; Multi Sciences). BMSCs were harvested and
fixed in 75% ethanol at —20°C for 24 h. Cells were centrifuged to
remove alcohol and incubated in 1 mL DNA staining solution for 30
min at room temperature in the dark, and then the cell cycle phase of
BMSCs was analyzed.

Immunofluorescence analysis of y-H2AX foci. y-H2AX foci, a
marker of DNA damage, were assayed by immunofluorescence.
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Briefly, after fixation in 2.5% glutaraldehyde, cells were blocked with
blocking buffer (P0260; Beyotime Biotechnology) and incubated with
v-H2AX (phospho-S139) primary antibody (1:250), with FITC-la-
beled goat-rabbit IgG as the secondary antibody (1:500). Nuclei were
stained with DAPI. Images of ~50 cells per sample were taken, and
the number of y-H2AX foci was calculated with Image-Pro Plus
software (Media Cybernetics Inc., Rockville, MD).

Enzyme-linked immunosorbent assay. The main components of
SASP by irradiation-induced senescent (IRIS) BMSCs, such as IL-6,
IL-8, and matrix metalloproteinase-9 (MMP9), were measured using
ELISA kits (Enzyme-Linked Biotechnology). In brief, irradiated
BMSCs were cultured under normal conditions for 72 h, followed by
culture in serum-free medium for another 24 h, and then the super-
natant was collected for the ELISA experiment.

Conditioned medium collection. BMSCs and irradiated BMSCs
were cultured for 72 h, followed by culture in serum-free medium for
another 24 h, and the supernatant was extracted as conditioned
medium (CM) from control BMSCs (Con CM) and CM from IRIS
BMSCs (IRIS CM). For JAK1 inhibitor (JAKi) treatment, irradiated
BMSCs were treated with 0.8 uM JAKi for 72 h, washed three times
with PBS, and cultured with serum-free medium for another 24 h, and
the supernatant was extracted as CM from irradiation-induced senes-
cent BMSCs with JAKi intervention (IRIS/JAKi CM). The level of
cytokines in the supernatant was standardized by cell number.

Osteoblast differentiation modulated by irradiation-induced senes-
cent BMSCs. Primary osteoblasts were obtained according to previous
experimental protocols (23), passage 3 osteoblasts were cultured
in low-glucose Dulbecco’s modified Eagle’s medium (L-DMEM;
GIBCO), containing 50% Con CM, IRIS CM, IRIS/JAKi CM, or Con
CM plus 0.8 uM JAKi (Con/JAKi CM), and the ALP activity and
mineralization nodule capacity of osteoblasts were analyzed.

Total RNA extraction and real-time quantitative PCR. BMSCs
were cultured in six-well plates, and total RNA was extracted using
Simply P Total RNA Extraction Kit (BSC52S1; Bioflux). One micro-
gram of total RNA was reverse transcribed using FastKing gDNA
Dispelling RT SuperMix (KR118-02; Tiangen Biotech). The cDNA
and TB Green Premix Ex Taq (RR420A; Takara Biomedical Tech-
nology) were used in 20 wL PCR reactions for quantitative PCR
(qPCR) on a real-time PCR system (LightCycler 2.0; Roche Diagnos-
tics GmbH, Mannheim, Germany). The primer sequences are shown
in Table 1.

Western blot analysis. Cells were lysed in ice-cold cell lysis buffer
containing protease inhibitors, and total cellular protein was quantified
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using the BCA Protein Assay Kit. For separation of proteins with
different molecular weights, as well as the marker protein, 12.5% or
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(PG113; Epizyme Biotech) was used, following which total protein
was transferred onto polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA). After washing with Tris-buffered saline
with 0.1% Tween 20 (TBST), the whole blot was blocked by 5%
nonfat milk or BSA for 30 min at room temperature, and then we cut
it into several strips for target proteins according to the prestained
marker position; each complete blot with molecular marker positions
is shown in the Supplemental Material (available at https://doi.org/
10.6084/m9.figshare.12021798.v2). Next, the strips were incubated
with primary antibodies separately, including mouse monoclonal
antibody against -actin (AF7018; Affinity Biosciences) and rabbit
monoclonal antibodies against p53, p21, p16, PPAR-y, Runx2, phos-
pho-JAK1 (Tyr1022/Tyr1023), STAT3, phospho-STAT3 (Tyr705),
OC, and ALP at 4°C overnight. After washing with TBST, the
membranes were incubated with horseradish peroxidase-conjugated
anti-rabbit and anti-mouse antibodies at room temperature for 1 h.
Finally, the chemiluminescent Biotin-Labeled Nucleic Acid Detection
Kit (D3308; Beyotime Biotechnology) was used to detect Western
blot bands.

Statistical analysis. Statistical analyses of data were performed
using IBM SPSS Statistics 20 and GraphPad Prism 5.01 (GraphPad
Software Inc., San Diego, CA). Each experiment was repeated three
times. Analyses of differences between groups were performed by
Student’s ¢ test and one-way ANOVA. Values are presented as
means = SD with P < 0.05 considered to be statistically significant.

RESULTS

Identification of BMSC characterization. BMSCs were suc-
cessfully collected from bone marrow and purified by differ-
ential attachment and digestion. As shown in Fig. 1, cell
surface antigens (Fig. 1A4) included positive markers CD29
(93.36%) and CD44 (85.40%) and negative markers CD34
(17.70%) and CD45 (32.56%). Typical BMSCs exhibiting
spindle-shaped and fibroblast-like morphology were clearly
observed (Fig. 1B). Furthermore, signs of osteogenic differen-
tiation including mineralized nodules stained by Alizarin Red
S, strong positive expression of alkaline phosphatase, and
markers of adipogenic differentiation, namely, lipid droplets

Table 1. Primer sequences for quantitative reverse transcription-polymerase chain reaction

Target Gene Forward (5'-3") Reverse (5'-3)

Runx2 TGCCACCTCTGACTTCTGC GTCAAGGGTCCGTAAAGTAG
PPAR-y ACGGTTGATTTCTCCAGCAT GGACGCAGGCTCTACTTTGA
p53 GCTCCCCTGAAGACTGGATAA ATTAGGTGACCCTGTCGCTG
p21 TGGACAGTGAGCAGTTGAGC ACACGCTCCCAGACGTAGTT
pl6 CCGAGAGGAAGGCGAACTC GCTGCCCTGGCTAGTCTATCTG
SODI CCACGAGAAACAAGATGACT GACTCAGACCACATAGGGAAT
SOD2 GGCCAAGGGAGATGTTACAA GAACCTTGGACTCCCACAGA
CAT2 AGCCAGAAGAGAAACCCACA TGAAAGAACAAGTCGCTGGC
IL-6 CCGTTTCTACCTGGAGTTTG GTTTGCCGAGTAGACCTCAT
IL-8 CCCCCATGGTTCAGAAGATTG TTGTCAGAAGCCAGCGTTCAC
TNF-a CTCCCAGAAAAGCAAGCAAC CGAGCAGGAATGAGAAGAGG
PAI-1 TTCCTCCACAGCCATTCTAGTCT GAAAGGATCGGTCTAAAACCATCTC
MMP9 CGGCAAACCCTGCGTATTTC GTTGCCCCCAGTTACAGTGA
MMPI2 TGCAGCTGTCTTTGATCCAC GCATCAATTTTTGGCCTGAT
CXCLI2 CGCTCTGCATCAGTGACGGTAA GGAAAGTCCTTTGGGCTGTTGTG
ALP CTGAGCGCACGCGAGCAAC GGCGTGGTTCACCCGAGTGG
ocC GAACAGACAAGTCCCACAC GAGCTCACACACCTCCCTG
GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA

ALP, alkaline phosphatase; CAT, catalase; MMP, matrix metalloproteinase; OC, osteocalcin; PPAR-y, peroxisome proliferator-activated receptor-y; SOD,

superoxide dismutase.
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Fig. 1. Identification and multidirectional differentiation potential of primary cultured bone marrow-derived mesenchymal stem cells (BMSCs). A: surface
markers CD29, CD44, CD34, and CD45 of primary BMSCs (1 X 10° cells per sample) extracted from bone marrow of Sprague-Dawley rats (aged 4 wk, male)
were analyzed by flow cytometry. Data were analyzed from three independent experiments. J is automatically displayed in the flow cytometry system and
represents the calculation area. B: light microscopic photographs of cells after nonadherent cells were removed and cells were cultured for 24 h and 7 days.
BMSCs displayed typical fibroblast-like and whirlpool-like growth. Magnification, X100. C: identification of osteogenic and adipogenic differentiation of
BMSCs, including mineralized nodules stained by Alizarin Red S, positive expression of alkaline phosphatase, and lipid droplets stained by Oil Red O. Images
are from three randomly obtained fields from three independent experiments. Magnification, X 100. Scale bars, 100 wm (B and C).

stained by Oil Red O (Fig. 1C), concurrently indicated the
successful isolation and culture of BMSCs.

Damage to the biological functions of BMSCs by
irradiation. Obvious morphological changes were observed in
irradiated BMSCs through F-actin fluorescent staining: most

BMSCs became more expanded and flatter with poor contrast
under light microscopy, which closely verges on the morphol-
ogy of senescent cells (Fig. 2A). Next, CCK-8 assay showed
without a doubt that irradiation impaired cell viability, and
colony formation assay also revealed the damaged self-renewal
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Fig. 2. Effects of gamma rays on morphology and viability of bone marrow-derived mesenchymal stem cells (BMSCs). A: morphological changes in BMSCs
were shown after exposure to gamma rays. F-actin was stained with phalloidin, and nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI).
Magnification, X200. B and D: viability of BMSCs (3 X 10° cells per well) was suppressed immediately at 5-Gy irradiation, and on the third day the 2
Gy-irradiated BMSCs also showed a certain degree of inhibition. The cell viability was evaluated by Cell Counting Kit-8, and results are shown by optical density
(OD) value. Magnification, X 100. C and E: colony-forming capacity was impaired after 2-Gy irradiation. Crystal Violet was used for staining the colonies, and
the percentage of colony-forming efficiency was calculated. Images are from three randomly obtained fields from three independent experiments. Data were
analyzed from three independent experiments. P values were calculated by Student’s ¢ test. Results are presented as means = SD. Scale bars, 100 pm (A, B, and
(). CFU, colony-forming units; d, days. Significant differences in the 2-Gy (*P < 0.05), 5-Gy (***P < 0.001), or 10-Gy (***P < 0.001) group compared with
the 0-Gy group.
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ability of BMSCs (Fig. 2, B and C). There was a mild wreck in
viability and colony-forming capacity at the 2-Gy dose,
whereas there was destructive reduction at 5 Gy and 10 Gy
(P < 0.05 and P < 0.001, Fig. 2, D and E). Moreover, as
shown in Fig. 3, A and B, an irradiation dose-dependent

decrease in alkaline phosphatase activity as well as the sup-
pression of matrix mineralization and adipogenic differentia-
tion of BMSCs were observed. At the same time, the mRNA
expression and protein level of the osteogenic differentiation-
related gene Runx2 and the adipogenic differentiation-related
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gene PPAR-vy both decreased in a dose-dependent manner (Fig.
3, C and D).

Senescence phenotypes and SASP secretion of BMSCs in-
duced by irradiation. To evaluate the irradiation-induced se-
nescence of BMSCs, SA-B-gal staining was performed first to
indicate the senescent cells (Fig. 4A). In nonirradiated BMSCs,
only 5.51 = 2.17% cells were positive for SA-(-gal staining
(blue), whereas the percentage of SA-B-gal-positive cells sig-
nificantly rose to 14.44 *= 1.81% at 2 Gy, 31.94 = 4.39% at 5
Gy, and 80.44 = 3.25% at 10 Gy (Fig. 4B, P < 0.05, P < 0.01,
and P < 0.001). Subsequently, flow cytometry showed a stable
and permanent cell cycle arrest after irradiation, and the cell
cycle phase distribution changed with an increased tendency in
GO/G1 phase arrest, with a significant increase when the dose
went up to 5 Gy and 10 Gy (Fig. 4, C and D, P < 0.01).
Furthermore, results of the mRNA and protein levels of senes-
cence-related genes showed that irradiation caused upregula-
tion of p53 and p21 from 2 Gy to 10 Gy, whereas p/6 had no
obvious change at any dose of gamma rays (Fig. 4, E-G, P <
0.05 and P < 0.01). What is more, the expression of multiple
SASP components was gradually upregulated as the irradiation
dose increased; especially, PAI-1, MMP9, and MMP12 showed
a more obvious increase at 5 Gy and 10 Gy (Fig. 4H). ELISA
results (Fig. 41, P < 0.01 and P < 0.001) also showed
increased levels of several specific SASP components in the
cell supernatant, such as IL-6, IL-8, and MMP9. Taken to-
gether, these results fully demonstrate that irradiation induced
senescence phenotypes of BMSCs and SASP induction in a
dose-dependent manner.

Induction of DNA damage and oxidative stress and activa-
tion of the JAK1/STAT3 pathway by irradiation. To investigate
the underlying mechanisms by which irradiation induced cel-
lular senescence of BMSCs, DNA damage and oxidative stress
were analyzed. Since irradiation can directly cause DNA dam-
age in cells, we first detected y-H2AX, the marker of double-
strand break (DSB), by immunofluorescence staining analyses.
Results showed more y-H2AX foci-positive BMSCs after
irradiation than in the nonirradiation group. Specifically, not
only the percentage of y-H2AX foci-positive cells increased,
but also the number of foci in each positive cell increased (Fig.
5, A-C). Meanwhile, the levels of cellular and mitochondrial
ROS ascended markedly after irradiation, but the scavenging
ability of ROS was weakened, as shown by the decreased
expression of SODI, SOD2, as well as catalase (CAT2; Fig. 5,
D-G, P < 0.05, P < 0.01, and P < 0.001).

Since the JAK1/STAT pathway plays an important role in
the regulation of cytokine production, the changes in JAK
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signaling proteins of irradiated BMSCs were explored. As
shown in Fig. 6, A and B, it was demonstrated that the
JAKI1/STAT3 pathway was activated by irradiation, with up-
regulated expression of phosphorylated JAK1 (p-JAK1), total
STAT3 (T-STAT3), and phosphorylated STAT3 (p-STAT3).
The application of JAKi at a dose of 0.8 wM effectively
inhibited the expression of p-JAKI, whereas the downstream
phosphorylated STAT3 expression was more significantly
blocked, accompanied by the reduced secretion of SASP com-
ponents, including IL-6, IL-8, and MMP-9 (Fig. 6C). More
interestingly, the osteogenic differentiation and mineralization
ability (Fig. 6, D—G) of osteoblasts cocultured with IRIS/JAKi
CM were also reversed compared with IRIS CM, along with
the increased expression of ALP and OC (Fig. 6, H and I). In
addition, it was observed that there was no effect on osteogenic
differentiation of osteoblasts between those cocultured with
Con CM and those cocultured with Con/JAKi CM.

DISCUSSION

Senescence is a key factor of degenerative diseases, such as
cardiovascular disease, Alzheimer’s disease, obesity-related
insulin resistance diabetes, and osteoporosis (12, 18, 28). A
decline in bone formation and relatively enhanced bone resorp-
tion are the principal pathophysiological mechanisms in charge
of bone loss related to aging and other adverse stimulations,
such as radiotherapy and chemotherapy. It is well known that
BMSCs in bone marrow are a population of cells possessing
bone formation potential; thus their functional status is impor-
tant for the maintenance of bone health (1). BMSCs, together
with osteocytes in bone, are the long-lived cells in the bone
microenvironment. Evidence from multiple studies has shown
that long-lived cells are more susceptible to various disadvan-
tages that may affect cell life span and cause cellular senes-
cence (7, 11), whereas short-lived bone cells, such as osteo-
blast progenitors, osteoblasts, and osteoclasts, can be continu-
ously replenished by specific progenitor cells. Therefore,
premature senescence of long-lived BMSCs and osteocytes
caused by adverse factors seemingly has significantly worse
impacts on bone remodeling (10, 13, 20). An age-related
decrease in the proliferation and functional ability of BMSCs
has been strongly considered to be the decisive cause of bone
formation functional degradation (3, 13). In our study, we
provide evidence that under exposure to gamma rays, BMSCs
exhibited senescence phenotypes along with increased accu-
mulation of DNA damage and ROS in vitro and, which is more
important, the irradiation-induced senescent BMSCs could

Fig. 3. Effects of gamma rays on multidirectional differentiation potential of bone marrow-derived mesenchymal stem cells (BMSCs). A: weakened osteogenic
and adipogenic differentiation potential compared with nonirradiated cells. Representative images of alkaline phosphatase (ALP) staining, mineralized nodules
stained by Alizarin Red S, and lipid droplets stained by Oil Red O are displayed. Magnification, X 100. Images were from three randomly obtained fields from
three independent experiments. B: quantification of ALP activity by the p-nitrophenyl phosphate (PNPP) method, mineralized nodule area, and lipid droplet
formation. Data were analyzed from three independent experiments. P values were calculated by Student’s 7 test. Results are presented as mean * SD. Significant
differences in the following: ALP activity of the 2-Gy (*P < 0.05), 5-Gy (**P < 0.01), or 10-Gy (***P < 0.001) group compared with the 0-Gy group; area
of mineralized nodules of the 2-Gy (**P < 0.01), 5-Gy (***P < 0.001), or 10-Gy (***P < 0.001) group compared with the 0-Gy group; and positive rate of
lipid droplet staining of the 5-Gy (**P < 0.01) or 10-Gy (**P < 0.01) group compared with the 0-Gy group. C and D: the messenger RNA (mRNA) and protein
expression of Runx2 and peroxisome proliferator-activated receptor-y (PPAR-vy) of BMSCs under osteogenic and adipogenic differentiation treated with different
doses of gamma rays was determined. Data were analyzed from three independent experiments. P values were calculated by Student’s # test. Results are presented
as means * SD. Significant differences in the following: Runx2 mRNA expression of the 2-Gy (¥**#*P < 0.001), 5-Gy (***P < 0.001), or 10-Gy (***P < 0.001)
group compared with the 0-Gy group; PPAR-y mRNA expression of the 5-Gy (***P < 0.001) or 10-Gy (***P < 0.001) group compared with the 0-Gy group;
and Runx2 and PPAR-y protein expression of the 2-Gy (*P < 0.05), 5-Gy (*P < 0.05), or 10-Gy (***P < 0.001) group compared with the 0-Gy group. Scale
bars, 100 wm (A).
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aggravate osteogenic differentiation dysfunction through para-
crine signaling.

Cellular senescence was formally described by Hayflick and
Moorhead (15); with more profound studies, it now refers to a
process of permanent cell cycle arrest induced by various
factors including telomerase deficiency, DNA damage, oxida-
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tive stress, oncogene mutation, and many other intrinsic or
extrinsic initiations (8). These causes have a common cascade
reaction, named the DNA damage response (DDR), which
leads to cell cycle block via stabilization of pS3 and transcrip-
tional activation of p21, as well as the upregulation of expres-
sion of pl6 and p19 and other signaling pathways (11, 35). In
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our study, the results revealed that irradiation not only im-
paired the biological functions of BMSCs but also induced
cellular senescence and SASP induction. Specifically, irradi-
ated BMSCs exhibited impaired viability and osteogenic dif-
ferentiation. Two grays of gamma rays already had the mild
ability to damage BMSCs, whereas higher doses significantly
impaired the cell morphology, viability, self-renewal capacity,
and differentiation potential. The results suggest that the bio-
logical functions of BMSCs can be directly damaged by
irradiation in a dose-dependent manner, and the dysfunction
and diminution of BMSCs postirradiation could be important
causes of irradiation-induced bone deterioration, which is con-
sistent with other studies (14, 25). Irradiation also can lead to
DSB in cells, which could initiate the DDR mechanism, but if
the damage fails to be repaired properly, cells may enter an
irreversible damage state including mitotic catastrophe and
senescence state. It is well known that y-H2AX is an important
protein marker for detecting DSB sites (29). In our study, 2 Gy
of gamma rays induced detectable y-H2AX foci, whereas
higher doses of 5 Gy and 10 Gy caused more y-H2AX foci.
Similar to other studies, y-H2AX-positive BMSCs were ob-
served after exposure to a °°Co irradiator at a dose of 6 Gy in
a short period of time (33). Additionally, irradiation induced
increased production of ROS, including cellular ROS and
mitochondrial ROS, which suggests that oxidative stress in-
duced by irradiation could also be a key factor inducing
cellular senescence.

Senescence-related phenotypes vary according to the pro-
cess of cellular senescence, including the initial, early, and late
phases (17). In our study, it has been shown that senescence-
related genes p53 and p2I of BMSCs were upregulated after
irradiation, following cell cycle arrest at the GO/G1 phase. It is
worth mentioning that p16 had no obvious change even at a
dose of 10 Gy, which may imply that BMSC senescence
caused by irradiation was not through the initiation of the p16
signaling pathway. This is consistent with the results of Kim et
al.’s research (21). This may be related to the time effect of
irradiation-induced cellular senescence and even to the cell
type. With irreparable and irreversible damage, cells progress
to early or even late stages, manifesting as mitochondrial
oxidative stress, enhanced lysosomal activity, and synthesis of
more SA-B-gal (30). On the basis of our results, it is fully
demonstrated that irradiation could induce the senescence of
BMSC:s. In addition, as we all know, although senescent cells
no longer proliferate, they still retain metabolic activity and
secretory functions, which are characterized by the production
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of a variety of inflammatory cytokines, growth factors, and
proteases, collectively known as SASP (26, 27). Therefore, we
performed detection of a series of SASP components, includ-
ing proinflammatory cytokines (/L-6 and TNF-a), metallopro-
teinases (MMP9 and MMP12), and chemokines (PAI-1, IL-8,
and CXCLI2), and the results showed increased expression and
secretion of these SASP components. Studies have confirmed
that SASP has deleterious effects on the behavior of neighbor-
ing normal cells and microenvironmental stability of tissues in
an autocrine and paracrine transmission manner and eventually
can cause tissue dysfunction and deterioration, even exerting
tumor-promoting functions to accelerate proliferation and mi-
gration of cancer cells (5, 32). Compared with young mice
(aged 6 mo), a subset of cells from old mice (aged 24 mo)
displayed upregulation of pl6 and increasing secretion of
SASP components such as IL-6, IL-1a, CXCL15, and MMP9,
which have profound negative effects on bone remodeling
(12). In our study, we also observed that the normal osteoblasts
cocultured with CM containing multiple SASP components
from irradiation-induced senescent BMSCs displayed osteo-
genic differentiation dysfunction. This gives a hint that the
accumulation of SASP from the irradiated BMSCs may play a
negative role in the process of osteogenic differentiation.
Likewise, it should be noted that the JAK1/STAT pathway
plays an important role in regulating the production of cyto-
kines and a lot of evidence also shows that JAK inhibitor
provides a possible treatment direction for relieving aging-
related tissue dysfunction (34). This is still consistent with our
experimental results that the JAK1/STAT3 signaling pathway
was activated and this was accompanied by an increase in
SASP secretion, that JAKi treatment effectively inhibited
SASP production and the expression of phosphorylated JAKI,
and that the downstream phosphorylated STAT3 expression
was more significantly blocked. In addition, IRIS/JAKi CM
exhibited a markedly reduced ability in osteoblast differentia-
tion and marker gene expression compared with IRIS CM (Fig.
6). Given that there were no effects on osteoblast differentia-
tion between osteoblasts treated with Con CM and those
treated with Con/JAKi CM, it is indicated that this effect was
due to JAKi having effects on senescent BMSC SASP secre-
tion but having no effect on cytokine secretion in normal cells.
These findings suggest that the SASP secretion initiated by the
JAKI1/STAT3 pathway may play a crucial role in osteogenic
dysfunction induced in irradiation-induced senescent BMSCs.

Fig. 4. Senescence phenotypes of bone marrow-derived mesenchymal stem cells (BMSCs) induced by irradiation were characterized. A and B: BMSCs at
~1 X 10* cells per well in 6-well plates were identified by the expression of senescence-associated B-galactosidase (SA-B-gal) after irradiation. Representative
images (blue represents SA-f3-gal-positive cells) and quantification of SA-B-gal-positive BMSCs irradiated with different doses of gamma rays are from three
independent experiments. Magnification, X 100. P values were calculated by Student’s 7 test. Results are presented as means = SD. Significant difference in the
SA-B-gal-positive rate of the 2-Gy (*P < 0.05), 5-Gy (**P < 0.01), or 10-Gy (***P < 0.001) group compared with the 0-Gy group. C: dose-dependent GO/G1
arrest of BMSC cell cycle distribution after irradiation, as detected by flow cytometry. D: percentage of BMSCs in different cell cycle phases. P values were
calculated by Student’s ¢ test. Results are presented as means = SD. Significant difference in the percentage of BMSCs arrested in GO/G1 of the 5-Gy (¥*P <
0.01) or 10-Gy (**P < 0.01) group compared with 0-Gy group. E-G: expression of p53, p21 and pl6 was measured by quantitative RT-PCR and Western blot
analyses. H: relative gene expression levels of seven senescence-associated secretory phenotype (SASP) components in irradiated BMSCs. The expression and
production of inflammatory factors (/L-6 and TNF-a), chemokines (/L-8 and CXCLI2), and matrix degradation enzymes [PAI-1, matrix metalloproteinase-9
(MMP9) and MMP12] in the radiation group were significantly higher than those in the control group. I: secretion of IL-6, IL-8, and MMP9 in the supernatant
collected 72 h following 10-Gy irradiation of BMSCs was detected by ELISA. All data were analyzed from three independent experiments. P values were
calculated by Student’s ¢ test. Results are presented as means = SD. Significant difference in the expression and concentration of those SASP components
between irradiated and nonirradiated BMSCs: *P < 0.05, **P < 0.01, ***P < 0.001. mRNA, messenger RNA; PE-A, phycoerythrin area. Scale bars, 100 pm (A).
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Fig. 6. Involvement of the JAKI1/
STATS3 pathway and the paracrine
effects of irradiation-induced se-
nescent bone marrow-derived mes-
enchymal stem cells (BMSCs) on
osteoblast osteogenic differentia-
tion. A and B: activation of the
JAK1/STATS3 pathway after 10-Gy
irradiation, as shown in Western
blot analyses of phospho (p)-JAKI,
total (T)-STAT3, and p-STAT3;
0.8 wM JAKI inhibitor (JAKi) in-
tervention could effectively inhibit
the JAK1/STAT3 pathway, and the
downstream p-STAT3 expression
was more significantly blocked. C:
ELISA results show upregulated
secretion of IL-6, IL-8, and matrix
metalloproteinase-9 (MMP9) in the
supernatant collected 72 h after
10-Gy irradiation and suppressed
secretion after adding 0.8 puM
JAK1 inhibitor following irradia-
tion. D-G: representative images
and quantitative analysis of alka-
line phosphatase (ALP) activity
and mineralized nodule area of os-
teoblasts cocultured with different
types of conditioned medium (CM)
from irradiated BMSCs [CM from
control BMSCs (Con CM), CM
from control BMSCs with JAKIi in-
tervention (Con/JAKi CM), CM
from irradiation-induced senescent
BMSCs (IRIS CM), and CM from
irradiation-induced senescent BMSCs
with JAKi intervention (IRIS/JAKIi
CM)]. Magnification, X100. H and I:
relative messenger RNA (mRNA)
and protein expression levels of ALP
and osteocalcin (OC) of osteoblasts
cocultured with four types of CM
from irradiated BMSCs. All data
were analyzed from three indepen-
dent experiments. P values were cal-
culated by Student’s ¢ test and one-
way ANOVA. Results are presented
as means * SD. Scale bars, 100 pm
(D and F). NS, not significant; *P <
0.01, **P < 0.01, ***P < 0.001.
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Irradiation-induced bone deterioration is not only an inevi-
table severe side effect of radiotherapy in patients with cancer
but also a serious health problem in astronauts. Historical
studies on irradiation-induced bone deterioration have focused
on mechanisms of bone formation suppression and bone re-
sorption activation, but its complex pathological mechanism
has not yet been elucidated. Although antiresorption agents
such as bisphosphonates and the RANK ligand inhibitor deno-
sumab are preferred for clinical treatment of osteoporosis, the
long-term use of these drugs may also cause additional bone
damage, including osteonecrosis of the jaw, atypical femur
fractures, and hypocalcemia (4, 37). In our study, BMSCs were
first used as a carrier to explore the senescence phenotypic
changes induced by irradiation. Satisfactorily, our studies pre-
liminarily validate that senescence of BMSCs induced by
radiation may be a critical mechanism of osteogenic dysfunc-
tion, and it could be a new emerging target for intervention in
irradiation-induced bone loss. In addition, the results of this
study can also provide a cellular senescence model for the
mechanism of aging-related bone loss and clinical prevention
and treatment strategy.
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