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Abstract

Mesenchymal stem cells (MSCs) derived from different tissues may aid in the regeneration of radiation-induced organ lesions;
however, the radiation responses of human MSCs from different sources are unknown. In our study, a comparison of the results
from cell proliferation, apoptosis, cell cycle, DNA damage, and DNA repair assays consistently showed that MSCs derived from
adipose tissue possess a significantly stronger radiation resistance capacity than MSCs derived from umbilical cord and gingival,
which is accompanied by a higher level of phosphorylated signal transducer and activator of transcription 3 (Stat3) expression.
This reminds us Stat3 could be a potential biomarker of radiation resistance. These findings provide a better understanding of
radiation-induced biologic responses in MSCs and may lead to the development of better strategies for stem cell treatment and

cancer therapy.
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Introduction

Mesenchymal stem cells (MSCs) are a type of stem cell with
multipotent properties that have been used extensively in regen-
erative medicine. In recent years, MSCs have exerted potential
therapeutic effects on various clinical conditions, including
immune diseases, wound healing, Alzheimer disease, and heart
disease.'* Mesenchymal stem cells may aid in the regeneration of
ionizing radiation (IR)-induced tissue damage. Preclinical studies
have confirmed the potential of MSCs to migrate into irradiation-
induced lesion sites and support the regeneration of functional
tissues.> In addition, these cells also display a superior radiation
resistance capacity in vitro and in vivo.”® Therefore, MSCs may
be a promising anti-radiation therapy for clinical applications.

Radiation therapy is a highly efficient therapeutic method for
the treatment of many cancers that potentially damage healthy
tissues. In radiation oncology applications, MSC therapy is a rap-
idly growing domain of cell therapy for radiation-induced injury to
normal tissues’ and has produced a significant restoration and
improvement in intestinal injuries induced by IR.'®'? However,
the influence of IR on cellular survival and the functional aspects of
MSC:s from different origins remains unknown.

Mesenchymal stem cells with a strong anti-radiation capac-
ity should be chosen before clinical application to obtain better
therapeutic effects. In this study, 3 types of MSCs, adipose-
derived MSCs (Ad-MSCs), umbilical cord MSCs (UC-MSCs),
and gingival MSCs (G-MSCs), were utilized to compare their
anti-radiation activities after exposure to relatively low and
high doses of gamma rays. Cell proliferation, apoptosis, cell
cycle, DNA damage, and DNA repair assays were conducted in
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the study. In addition, the expression of stat3 and its down-
stream genes was analyzed before and after exposure to IR to
assess the potential mechanism regulating gene expression that
underlies the radiation response of MSCs.

Materials and Methods

Cell Culture

Three types of MSCs, including Ad-MSCs (purchased from
ATCC, Manassas, Virginia), UC-MSCs (isolated and cultured
as described previously'?), and G-MSCs (a gift from Beijing
Taisheng Technology Co, Ltd, China) were used. They were
cultured in Dulbecco modified Eagle medium (DMEM)/F12
supplemented with 10% fetal bovine serum (Gibco, Carlsbad,
California), 100 U/mL penicillin/100 pg/mL streptomycin, and
1% 1-glutamine (Gibco) and maintained in a humidified incu-
bator with a 5% CO, atmosphere at 37°C.

Cell Proliferation Assay

Mesenchymal stem cells (3 x 104) were seeded in 12-well
plates. The next day, cells were treated with 4- and 10-Gy irra-
diation. Cells were counted in 4 days after radiation. The relative
proliferation result was obtained using the formula: [the cell
number of the fourth day]/[the cell number of the first day].

Cell Irradiation

A Cs-137 (Gammacell-40) irradiator was purchased from
Atomic Energy Co (Atomic Energy of Canadian Inc, Missis-
sauga, Ontario, Canada). Cell or animal samples were placed in
the center of the irradiation chamber and exposed to radiation
at a dose rate of 1.02 Gy/min.

Cell Differentiation Assay

Cells were plated in 6-well plates and left to attach before being
irradiated with 4 and 10 Gy. At 24 hours after treatment, differ-
entiation medium was added to each well, and the cells were
grown for another 2 weeks. Osteogenic differentiation was
induced with DMEM supplemented with 10% fetal calf serum, 2
mmol/L r-glutamine, 100 nmol/L dexamethasone, 200 mmol/L
L-ascorbic acid-2-phosphate, 10 mmol/L b-glycerophosphate,
and 100 U/mL penicillin/streptomycin.'*'> To differentiate adi-
pocytes, cells were grown in DMEM containing 10% fetal calf
serum, 2 mmol/L L-glutamine, 1 mmol/L dexamethasone, 500
mmol/L 1-methyl-3-isobutylxanthine, 10 mg/mL insulin, and
100 U/mL penicillin/streptomycin.'>'® After 2 weeks, the
cells were harvested and total RNA was isolated for the
real-time polymerase chain reaction (PCR) analysis.

Immunofluorescence Staining

Mesenchymal stem cells were cultured on glass coverslips in 12-
well plates prior to irradiation. After irradiation, cells were fixed
with 4% formaldehyde for 15 minutes, permeabilized with 0.1%

Triton X-100 for 20 minutes, incubated with 0.2% bovine serum
albumin for 1 hour, and stained with the indicated primary anti-
bodies at 4°C overnight. On the next day, after 3 washes for 3
minutes each, the cells were treated with secondary antibodies
for 1 hour at room temperature. Mounting medium for fluores-
cence with DAPI (Cat No: H-1200, Vector Laboratories, Inc.
Burlingame, CA) was used to stain nuclear DNA. The antibodies
used for immunofluorescence staining were anti-y-H2AX and
anti-Rad51 (1:200, Cell Signaling, Boston, Massachusetts). We
assessed YH2AX and Rad51 foci as indicators of DNA double-
strand breaks (DSBs). According to regular statistical standard
for analyzing DNA damage repair protein foci,'”'® cells with
>10 foci were counted as positive cells.

Cell Apoptosis Assay

For the cell apoptosis analysis, cells plated in 6-well plates
were collected. An Annexin V-FITC Apoptosis Detection Kit
was used to measure the number of apoptotic cells with flow
cytometry. Briefly, cells were collected, washed with ice-cold
phosphate-buffered saline (PBS) twice, and resuspended in
binding buffer containing Annexin V and propidium iodide
(PI) for 30 minutes at room temperature in the dark. After
incubation, at least 10 000 cells were measured using a
BD-FACS Aria flow cytometer.

Cell Cycle Analysis

Cells were harvested and washed with PBS. Then, cells were
treated with methanol and resuspended in Pl-staining buffer
(50 pL/mL PI, RNase A) for 15 minutes at 37°C. The fluores-
cence intensity was analyzed using a flow cytometer.

Comet Assay

The Ad-MSCs, UC-MSCs, and G-MSCs were seeded in 6-well
plates at a density of 1 x 10° cells/well. After exposure to
4- and 10-Gy irradiation, cells were collected and the cell den-
sity was adjusted to 1 x 10° to 1 x 10° with PBS. The comet
assay was performed as described in a previous study.'’
Briefly, the treated cell samples were prepared as single-cell
suspensions. Thirty microliters of the cell suspension were
mixed with 70 pL of low-melting-point agarose gel (Promega,
Madison, Wisconsin). A drop of the mixture was added to a
slide with agarose gel (Biowest, Nuaille, France) and then
lysed. After the gel had solidified, it was placed in the pre-
cooled pyrolysis solution and lysed for 2.5 hours at 4°C. After
electrophoresis, the slides were neutralized, stained with ethi-
dium bromide, and observed under a fluorescence microscope
(ETLPSE 90i; Nikon, Japan). The resulting images were ana-
lyzed using the Comet Assay Software Project (CASP, Wroc-
law University, Poland).

Real-Time PCR

Total RNA was isolated using Trizol reagent (Invitrogen, Carls-
bad, CA) according to the manufacturer’s specifications. Two
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Table 1. Primer Sequences Used for Real-Time RT-PCR.

Gene Forward Primer (5'—3') Reverse Primer (5'—3')

Stat3 GGCATTCGGGAAGTATTGTCG GGTAGGCGCCTCAGTCGTATC
Nanog CCCCTCCTCCCATCCCTC GCTCCAACCATACTCCACCC

Oct4 GTATTCAGCCAAACGACCATC GCTTCCTCCACCCACTTCT

Sox2 GGTTACCTCTTCCTCCCACTCC CCTCCCATTTCCCTCGTTT

C-Myc AATGAAAAGGCCCCCAAGGTAGTTATCC GTCGTTTCCGCAACAAGTCCTCTTC
Bcl-2 CTGCACCTGACGCCCTTCACC CACATGACCCCACCGAACTCAAAGA
Cbfal ATGCTTCATTCGCCTCACAAAC CCAAAAGAAGTTTTGCTGACATGG
Runx2 GCACAAACATGGCCAGATTCA AAGCCATGGTGCCCGTTAG

PPAR-y GCTGTTATGGGTGAAACTCTG ATAAGGTGGAGATGCAGGCTC
GAPDH CTCTGATTTGGTCGTATTGGG TGGAAGATGGTGATGGGATT

Abbreviations: RT-PCR, reverse transcriptase polymerase chain reaction; PPAR, peroxisome proliferator activated receptor.

micrograms of total RNA were reverse transcribed using a
Reverse Transcription Kit (TITANGEN Biotech, Beijing, China),
and real-time PCR was performed with the Opticon System
(Bio-Rad, Hercules, USA) using a TransStart Green qPCR Super
Mix Kit (TransGen Biotech, Beijing, China). The 2" method
was used to assess the relative messenger RNA (mRNA) expres-
sion. Primers are listed in Table 1.

Western Blot Analysis

Cells were lysed in radioimmunoprecipitation assay buffer at 4°C
for 20 to 30 minutes and centrifuged at 12 000 x g at 4°C for 15
minutes to obtain total protein lysates for immunoblot analyses.
Equivalent amounts of proteins (20 pg) were then separated by
electrophoresis on 8% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis gels and transferred to polyvinyl difluoride
membranes (EMD Millipore, Billerica, Massachusetts). After
blocking, primary antibodies against Stat3, p-Stat3, Nanog, Oct4,
c-Myc (Abcam, Cambridge, Massachusetts), and GAPDH (Santa
Cruz Biotechnology Inc, Dallas, Texas) were separately incu-
bated with the membranes at 4°C overnight. On the next day,
after washing the membranes with Tris-buffered saline Tween
20, three times for 10 minutes each, secondary antibodies were
incubated with the membranes at room temperature for 1 hour.

Statistical Analysis

Each experiment was performed at least 3 times, and all data
were analyzed using GraphPad Prism software. Data were ana-
lyzed using 2-tailed Student ¢ test or 2-way analysis of var-
iance. A P value <0.05 was considered statistically significant.

Results

Mesenchymal Stem Cells Are Relatively Resistant to IR
and Ad-MSCs Were the Most Resistant Cells

A cell proliferation assay was performed, and the morphology
of cells treated with different doses of radiation was observed
to examine the radiation responses of MSCs derived from
adipose tissue, the umbilical cord, and gingival tissue. A sig-
nificant difference in cell proliferation was not observed

between MSCs originating from different tissues (Figure
1B). All MSC samples presented a higher rate of cellular
proliferation after exposure to 4 Gy of radiation than nonirra-
diated groups. The total numbers of UC-MSCs and G-MSCs,
but not Ad-MSCs, decreased after irradiation at a dose of 10
Gy compared to 0 Gy. The Ad-MSCs presented a higher pro-
liferation rate than UC-MSCs and G-MSCs, indicating that
Ad-MSCs were the most resistant type among the 3 MSC
samples (Figure 1A and B).

Irradiation Induces Higher Percentages of Apoptotic UC-
MSCs and G-MSCs Than Ad-MSCs

Irradiation-induced apoptosis was measured in Ad-MSCs, UC-
MSCs, and G-MSCs using flow cytometry. Consistent with
previous reports, fewer irradiated MSCs underwent apopto-
sis.®!3 Irradiation of the 3 types of MSCs with doses of 4 and
10 Gy did not obviously increase the percentage of apoptotic
cells, and thus the dose of 20 Gy was chosen to perform the
MSC apoptosis assay. As shown in Figure 1, a small number of
Ad-MSCs underwent apoptosis, while greater numbers of UC-
MSCs and G-MSCs underwent apoptosis, with approximately
45% and 30%, respectively, of the total cells displaying apop-
tosis at 24 hours after irradiation.

Mesenchymal Stem Cells From Different Tissues Exhibit
Heterogeneous Changes in the Cell Cycle After
Irradiation

The cell cycle profiles of MSCs were analyzed after IR treat-
ment using fluorescence-activated cell sorting. The influence
of the tissue of origin on irradiation-induced effects on the cell
cycle of MSCs was examined. At 1 day after irradiation, the
percentages of cells in S phase decreased in the 3 types of
MSCs, accompanied by an increase in the percentages of cells
in either G1 or G2/M phase. Both UC-MSCs and G-MSCs
exhibited a substantial decrease in the S phase population
after irradiation. In contrast, irradiated Ad-MSCs did not
display a significant decrease in the percentage of cells in
S phase. A similar accumulation in G2/M phase was
observed for 3 types of MSCs, while UC-MSCs exhibited
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Figure |. Morphology, proliferation rate, cell apoptosis, and cell cycle progression of mesenchymal stem cells (MSCs) after exposure to ionizing
radiation. (A) Images of adipose tissue-derived MSCs (Ad-MSCs), umbilical cord-derived MSCs (UC-MSCs), and gingival tissue-derived MSCs
(G-MSCs) after exposure to ionizing radiation; scale bar, 400 um. (B) Relative proliferation rates of Ad-MSCs, UC-MSCs, and G-MSCs after
exposure to ionizing radiation. (C) and (D) Mesenchymal stem cells were exposed to 20 Gy of ionizing radiation. The percentage of apoptotic
cells was assessed using fluorescence-activated cell sorting (FACS) 24 hours after irradiation. (E) Cells were exposed to 4 or 10 Gy of radiation,
stained with propidium iodide (PI), and analyzed using FACS at 24 hours after irradiation. The proportions of cells in the different phases of the
cell cycle were analyzed. Data are presented as the means + standard error (SD; error bars) from 3 independent experiments. *P < 0.05 and

*P < 0.0l,n=3.

irradiation-induced increases in the percentage of cells in G1
phase (Figure 1E).

Adipose-Derived MSCs Exhibit Less DNA Damage and
More Efficient Repair Than UC-MSCs and G-MSCs After
Irradiation

Irradiation induces DNA DSBs. The y-H2AX and Rad51 foci
were measured using immunofluorescence staining and
microscopy to further assess the ability of MSCs from dif-
ferent tissues to efficiently repair DNA DSBs. y-H2AX plays
a key role in recruiting repair proteins to the sites of DNA
DSBs.2%?! Irradiation with 4 or 10 Gy resulted in large num-
bers of initial strand breaks at 1 hour after irradiation. Greater

numbers of y-H2AX and Rad51 foci were detected in the 3
types of MSCs at 1 hour post-irradiation. By 24 hours after IR,
the significant decrease in y-H2AX and Rad51 foci was more
evident in Ad-MSCs than in both UC-MSCs and G-MSCs,
suggesting that Ad-MSCs may possess a greater capacity
for repairing IR-induced DNA damage than UC-MSCs and
G-MSCs (Figure 2).

DNA damage was further investigated using the comet
assay. As shown in Figure 3, the irradiated Ad-MSCs exhib-
ited a lower percentage of tail DNA and olive tail moment
than UC-MSCs and G-MSCs, indicating that Ad-MSCs were
more resistant to radiation than UC-MSCs and G-MSCs.
Based on these results, Ad-MSCs may possess a greater
capacity to repair IR-induced DNA DSBs than UC-MSCs and
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Figure 2. Mesenchymal stem cells (MSCs) repair DNA damage. (A) Representative images of immunofluorescence staining for 4',6-diamidino-
2-phenylindole (DAPI) and y-H2AX (green) in adipose tissue-derived MSCs (Ad-MSCs), umbilical cord-derived MSCs (UC-MSC:s), and gingival
tissue-derived MSCs (G-MSCs) at | and 24 hours after irradiation with 4 or 10 Gy. (B) Histogram showing the percentage of cells with >10
v-H2AX nuclear foci. The data are presented as the means of 3 independent experiments + standard error of the mean (SEM; *P < 0.05).
(C) Representative images of immunofluorescence staining for DAPI and Rad51 (red) in Ad-MSCs, UC-MSCs, and G-MSCs at | and 24 hours
after irradiation with 4 or 10 Gy; scale bar, 25 um; *P < 0.05, n = 3. (D) Histogram showing the percentage of cells with >10 Rad51 nuclear foci.

The data are presented as the means of 3 independent experiments +

G-MSCs, which likely contributes to their greater ability to
survive after exposure to IR.

Irradiated Ad-MSCs Maintain the Expression of Stem
Cell-Related Genes to a Greater Extent Than UC-MSCs
and G-MSCs

Activation of the Stat3 pathway has been shown to enhance
tumor stem-like cell self-renewal and further promote tumor
invasion and radioresistance.”** Stem cells are more resistant
to radiation than tissue cells due to their self-renewal ability.
Stat3 has multiple targets, including Nanog, Oct4, Sox2,
¢-Myc, and Bcl-2.2°° We examined the mRNA and protein
levels of these genes to investigate whether the greater radia-
tion resistance capacity of Ad-MSCs was attributed to the
activation of the Stat3 pathway. After exposure to IR, the
expression of stemness-related genes was significantly upre-
gulated in irradiated Ad-MSCs; however, obvious differences
were not observed between irradiated UC-MSCs, G-MSCs,
and nonirradiated cells (Figure 4A). Gene expression in

SEM (*P < 0.05).

irradiated Ad-MSCs was higher than in irradiated UC-MSCs
and G-MSCs.

Western blot analyses were performed to assess the activa-
tion of key proteins involved in Stat3 signaling. High levels of
phosphorylated Stat3 were observed in Ad-MSCs after expo-
sure to 4 Gy of radiation; however, the levels were substantially
reduced in UC-MSCs and G-MSCs, suggesting a continuous
activation of Stat3 signaling in Ad-MSCs. Irradiated Ad-MSCs
displayed higher levels of Nanog, Oct4, and c-Myc than UC-
MSCs and G-MSCs (Figure 4C).

Mesenchymal Stem Cells Retain Their Differentiation
Potential After Irradiation Irrespective of Their Tissue
of Origin

In order to better characterize different tissue of MSCs, we next
aimed to determine their level of differentiation potential. The
ability for differentiation along the adipogenic and osteogenic
lineages is a hallmark of MSCs. Osteogenic and adipogenic
differentiation were assessed by determination of osteogenesis
marker Cbfal, Runx2, and adipogenic marker peroxisome
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Figure 3. Mesenchymal stem cells (MSCs) repair DNA double-strand breaks. (A) Representative images of the comet assay using adipose
tissue-derived MSCs (Ad-MSCs), umbilical cord-derived MSCs (UC-MSCs), and gingival tissue-derived MSCs (G-MSCs) at | and 24 hours after
irradiation with 4 or 10 Gy of ionizing radiation (IR). (B) Histogram showing the percentage of tail DNA. (C) Histogram showing the olive tail
moment. The quantitative analysis of DNA strand break outputs is presented as the means of 3 independent experiments + standard error of

the mean (SEM; P < 0.001).

proliferator activated receptor. It was observed that all MSC
types possessed capacity of osteogenic and adipogenic differ-
entiation, where Ad-MSCs showed pronounced osteogenesis in
comparison to other MSCs, and UC-MSCs demonstrated
increases in induced adipogenic differentiation (Figure 4B).
However, there was no significant or dose-dependent reduction
in the potential for adipogenic or osteogenic differentiation in
any of the MSC specimens after irradiation.

Discussion

The effect of IR on MSCs has been extensively explored.
Mesenchymal stem cells are known to be radioresistant. How-
ever, various publications reported a strong heterogeneity of
MSCs from different tissues, which was a major challenge for
establishing MSC-based therapeutic approaches to treat radia-
tion injury. The influence of MSC tissue heterogeneity on the
radiation responses of these cells is largely unknown. Here,
irradiated MSCs from 3 sources exhibited different responses
to IR.

Our study examined the effects of radiation on MSCs origi-
nating from different tissues and revealed that MSCs from
adipose tissue exhibited stronger radioresistance than MSCs
from the umbilical cord or gingival tissue. In our study, we

determined radiation-induced changes in cell proliferation,
apoptosis, cell cycle progression, DNA damage and repair, and
expression patterns of self-renewal-related genes using MSCs
from these 3 sources. The responses of Ad-MSCs to radiation
differed from UC-MSCs and G-MSCs. Adipose-derived MSCs
were highly proliferative, and fewer cells underwent apoptosis
upon exposure to the same dose of radiation (Figure 1B and D).
Moreover, an obvious difference in the percentage of irradiated
Ad-MSCs and nonirradiated Ad-MSCs in S phase was not
observed. However, fewer irradiated UC-MSCs and G-MSCs
were in S phase compared to the 0 Gy condition (Figure 1E). In
a previous study, twice the number of radioresistant cells was in
S phase than the more sensitive cell line.?”-*® This finding may
potentially explain the increased radioresistance of Ad-MSCs
compared to UC-MSCs and G-MSCs.

Ionizing radiation induces high levels of genotoxic stress due
to the production of reactive oxygen species and a wide range of
genomic lesions, including DNA DSBs.?’ The response to DNA
DSBs is characterized by the formation of y-H2AX and Rad51
foci,>® which are DNA damage and repair markers, respectively.’
Levels of y-H2AX and Rad51 were significantly decreased in
irradiated Ad-MSCs at 24 hours after exposure to IR compared
with UC-MSCs and G-MSCs, showing a rapid DNA repair
activity (Figure 2). Based on the result from the comet assay,
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Figure 4. Stat3, its target genes, and the differentiation genes’ expression in MSCs. (A) Polymerase chain reaction (PCR) analysis of the
expression of Stat3 and its related genes. Cells were harvested at 48 hours after irradiation. (B) Polymerase chain reaction analysis of the
expression of differentiation genes. Osteogenic marker Cbfal, Runx2, and adipogenic marker PPAR-y. Cells were harvested after differentiation
culture. (C) Western blot analyses of different proteins involved in Stat3 signaling. Cells were harvested at 48 hours after irradiation. The data
are presented as the means of 3 independent experiments + standard error of the mean (SEM; *P < 0.05, **P < 0.01, and *** P < 0.001).

Ad-MSCs had a lower level of radiation-induced DNA damage
than UC-MSCs and G-MSCs (Figure 3). Our study has identified
mechanisms that potentially mediate radioresistance in Ad-
MSCs, including a low IR-induced apoptotic response and the
rapid formation of y-H2AX and Rad51 foci for robust DSB repair
activation. The self-renewal capability of stem cells is respon-
sible for the radiation resistance.’ The self-renewal associated
marker Stat3 is well known to function as an anti-apoptotic

factor, especially in numerous malignancies. Lacking Stat3 is
more sensitive to oxidative stress, and a key feature of oxida-
tive stress involves activation of the DNA damage pathway.>'
Therefore, the Stat3 may be considered as a potential biomar-
ker of radiation resistance. We measured the expression of
Stat3 and its downstream genes. Irradiated Ad-MSCs exhibited
higher expression of these genes than irradiated UC-MSCs and
G-MSCs (Figure 4).
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In conclusion, MSCs from adipose tissue exhibit stronger
radioresistance due to their efficient repair of irradiation-
induced DNA damage, corresponding to low levels of apopto-
sis and up-regulated expression of stemness-related genes.
These findings improve our understanding of the radiation-
induced responses of MSCs and may lead to the development
of better strategies for irradiation-induced tissue damage and
cancer therapy.
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