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Introduction

Abstract

Exposure to high levels of genotoxic stress, such as high-dose ionizing radia-
tion, increases both cancer and noncancer risks. However, it remains debatable
whether low-dose ionizing radiation reduces cellular function, or rather
induces hormetic health benefits. Here, we investigated the effects of total-
body y-ray radiation on muscle stem cells, called satellite cells. Adult C57BL/6
mice were exposed to j-radiation at low- to high-dose rates (low, 2 or
10 mGy/day; moderate, 50 mGy/day; high, 250 mGy/day) for 30 days. No
hormetic responses in proliferation, differentiation, or self-renewal of satellite
cells were observed in low-dose radiation-exposed mice at the acute phase.
However, at the chronic phase, population expansion of satellite cell-derived
progeny was slightly decreased in mice exposed to low-dose radiation. Taken
together, low-dose ionizing irradiation may suppress satellite cell function,
rather than induce hormetic health benefits, in skeletal muscle in adult mice.

homeostasis in adult tissues. Thus, alterations in the qual-

Accumulating evidence suggests that exposure to high lev-
els of ionizing radiation results in DNA damage and con-
sequent chromosomal rearrangements (Huang et al.
2003), leading to increases in both cancer and noncancer
risks. Tissue stem cells comprise a small cellular popula-
tion with important roles in repair, regeneration, and
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ity and/or quantity of tissue stem cells may have potential
as a predictive risk indicator for future health hazards
(Prise and Saran 2011).

Generally, low-dose ionizing radiation is defined as a
dose between background radiation (0.01 mSv/day) and
high-dose radiation (>150 mSv/day) (Bonner 2003). To
date, the biological and pathological effects of ionizing
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Effects of lonizing Radiation on Muscle Stem Cells

radiation on humans have been evaluated by epidemio-
logical studies. The Life Span Study on a cohort of
atomic bomb survivors revealed a significant increase in
cancer at doses above 100 mGy, but no evidence at
lower doses (Huang et al. 2003). However, a recent
study on CT scans in children suggested that cumulative
doses of approximately 50 and 60 mGy might increase
the risks of leukemia and brain cancer, respectively
(Preston et al. 2007). Following the 2011 incident at the
Fukushima Daiichi nuclear power plant in Japan, it has
become urgently necessary to understand how exposure
to low-dose radiation influences human health (Fushiki
2013; Suzuki et al. 2015; Walsh et al. 2014; Yabe et al.
2014).

Although humans are constantly exposed to low levels
of natural ionizing radiation in the environment, the
health effects of low-dose ionizing radiation are still
under debate (Huang et al. 2003). According to the
“radiation hormesis hypothesis”, exposure to low-dose
irradiation may induce biological health benefits through
cellular adaptive responses (Sanderson and Morley 1986;
Mogquet et al. 1989; Shadley and Dai 1993; Park et al.
1999; Raaphorst and Boyden 1999). For example, low-
dose irradiation stimulated proliferation and improved
cell-survival adaptations to subsequent radiation expo-
sure in splenocytes in mice (Yoshida et al. 1993; Hyun
et al. 1997). However, there is little evidence on the
effects of low-dose ionizing radiation on tissue stem cells
(Manda et al. 2014).

The resident skeletal muscle stem cells, called satellite
cells, are located between the basal lamina and the plasma-
lemma of myofibers (Mauro 1961). Satellite cells are
responsible for providing myonuclei for postnatal muscle
growth, hypertrophy, repair, and regeneration in adults
(Otto et al. 2009; Relaix and Zammit 2012; Ono 2014;
Wang et al. 2014). These cells generate myoblasts, which
are muscle progenitors that undergo extensive proliferation
before fusing with one another to form myotubes that
eventually become mature myofibers or fusing with existing
myofibers. In healthy muscle, satellite cells are mitotically
quiescent and express the paired-box transcription factor
Pax7 (Seale et al. 2000; Zammit et al. 2006; Lepper et al.
2011). Meanwhile, satellite cells are activated in response to
stimulation such as physical activity and traumatic muscle
injury. Activated satellite cells upregulate MyoD, belonging
to a family of myogenic regulatory factors (MRFs), become
myoblasts, and undergo proliferation. Following extensive
proliferation, the majority of satellite cell-derived myoblasts
downregulate Pax7, maintain MyoD, express myogenin
(another MRF family member), and undergo myogenic dif-
ferentiation to generate myosin heavy-chain (MyHC)-posi-
tive new myonuclei. A minority population of cells
downregulate MyoD, maintain Pax7 expression, and return
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to a quiescent state for self-renewal to maintain the stem
cell pool (Halevy et al. 2004; Olguin and Olwin 2004; Zam-
mit et al. 2004; Collins et al. 2005; Montarras et al. 2005;
Sacco et al. 2008). The total number of satellite cells in
adult muscle remains relatively constant after repeated
muscle injury and regeneration throughout life. Thus, satel-
lite cell self-renewal is considered to be carefully regulated
(Kuang et al. 2007; Ono et al. 2010, 2012; Sambasivan
et al. 2011; Chakkalakal et al. 2012, 2014).

In this study, we exposed adult mice to different doses
of y-ray radiation (2-250 mGy/day) for 30 days, and
investigated the sensitivity and dose-dependency of the
radiation effects on muscle stem cells at the acute and
chronic phases following radiation exposure.

Materials and Methods

Antibodies and reagents

Mouse anti-Pax7, mouse anti-Myogenin, and rabbit anti-
MyoD antibodies were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). The mouse anti-MyHC
(MF20) antibody was purchased from R&D Systems
(Minneapolis, MN). The rat anti-Ki67 antibody was pur-
chased from DAKO (Glostrup, Denmark). Mounting
medium containing DAPI for nuclear staining was pur-
chased from Vector Laboratories (Burlingame, CA).

Animals and total-body y-ray radiation

Twelve-week-old C57BL/6 male mice (SLC, Tokyo,
Japan) were used. All animal experiments were approved
by the Experimental Animal Care and Use Committee of
Nagasaki University, and were performed in accordance
with institutional and national guidelines. Total-body y-
radiation was performed by daily exposure of the mice
to 0, 2, 10, 50, and 250 mGy for 30 days, with cumula-
tive doses of 0, 60, 300, 1500, and 7500 mGy, respec-
tively. The irradiated mice were killed immediately
(acute exposure phase) or at 3 months (chronic expo-
sure phase) after the last exposure. The body weight was
not significantly different among conditions at both
acute and chronic phases after the radiation as previ-
ously described (Guo et al. 2015).

Satellite cell isolation and culture

Individual myofibers associated with satellite cells were
isolated from EDL muscles and digested with type I col-
lagenase, as previously described (Ono et al. 2015). Satel-
lite cells were obtained from isolated myofibers by
trypsinization in a 0.125% trypsin-EDTA solution for
10 min at 37°C under 5% CO,. The satellite cells were
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cultured in GM (GlutaMax DMEM supplemented with
30% FBS, 1% chicken embryo extract, 10 ng/mL bFGEF,
and 1% penicillin-streptomycin) at 37°C under 5% CO,.
Myogenic differentiation was induced by culture in DM
(GlutaMax DMEM supplemented with 5% horse serum
and 1% penicillin-streptomycin) at 37°C under 5% CO,.

Immunostaining

Immunocytochemistry of satellite cells and isolated single
myofibers was performed as described previously (Ono
et al. 2010). Samples were blocked and permeabilized by
incubation with phosphate-buffered saline containing
0.3% Triton X100 and 5% goat or swine serum for
20 min at room temperature, and then incubated with
primary antibodies at 4°C overnight. All immunostained
samples were visualized using appropriate species-specific
Alexa Fluor 488- and/or 568-conjugated secondary anti-
bodies (Life Technologies, Tokyo, Japan). Digital images
were acquired with a DP80 camera using cellSens software
(Olympus, Tokyo, Japan). Images were optimized globally
and assembled into figures using Adobe Photoshop.

Statistical analysis

The significance of differences among data was deter-
mined using Student’s #-test. Values of P < 0.05 were
considered to indicate statistical significance.

Results

It remains largely unknown whether low-dose ionizing
radiation can induce hormetic responses in tissue stem cells
(Manda et al. 2014), especially in noncarcinogenic tissues
such as skeletal muscle. In this study, total-body y-radiation
was performed by daily exposure of C57BL/6 adult mice to
0, 2, 10, 50, and 250 mGy doses for 30 days, with cumula-
tive doses of 0, 60, 300, 1500, and 7500 mGy, respectively
(Bonner 2003). The doses of ionizing radiation were classi-
fied according to a previous report (Kadhim et al. 2013):
low-dose radiation (LDR; 2 or 10 mGy/day); moderate-
dose radiation (MDR; 50 mGy/day); high-dose radiation
(HDR; 250 mGy/day). The irradiated mice were killed
immediately (acute exposure phase) or at 3 months
(chronic exposure phase) after the last exposure (Fig. 1A).

Numbers of both myonuclei and satellite
cells in muscle are decreased by exposure to
moderate and high doses of total-body
y-irradiation

First, we investigated whether total-body 7y-ray irradiation
affects myofibers and satellite cells. Myofibers associated
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Figure 1. Numbers of myonuclei and satellite cells are both
decreased with exposure to moderate- and high-dose y-ray
irradiation. (A) Schedule of the total-body y-ray irradiation. Adult
mice were exposed to daily y-ray irradiation at low- to high-dose
rates (low, 2 or 10 mGy/day; moderate, 50 mGy/day; high,

250 mGy/day) for 30 days. The mice were killed immediately after
the last irradiation and individual myofibers associated with satellite
cells were freshly isolated from EDL muscles by collagenase
digestion. (B-D) Satellite cells and myonuclei were visualized by
immunostaining with an anti-Pax7 antibody and DAPI staining in
isolated individual myofibers associated with satellite cells
(quantified in C and D, respectively). Data represent means + SEM
(n = 6 mice). *P < 0.05, significant difference from control mice.

with satellite cells were freshly isolated from extensor dig-
itorum longus (EDL) muscles. Satellite cells were visual-
ized by immunostaining with an anti-Pax7 antibody and
the total nuclei per myofiber were evaluated by the num-
ber of DAPI™ nuclei. The numbers of both myonuclei
and satellite cells were reduced with MDR (50 mGy) and
HDR (250 mGy), but not LDR (2 and 10 mGy) (Fig. 1B
and C).
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Exposure to moderate and high doses of
irradiation impairs population expansion of
satellite cells

Next, we examined the effects of total-body y-ray irradia-
tion on the proliferation ability of satellite cells. Satellite
cells are mitotically quiescent and express Pax7. Upon acti-
vation by muscle injury, satellite cells upregulate MyoD
together with Pax7 and undergo proliferation. Satellite cells
associated with myofibers were freshly isolated from EDL
muscles and cultured in growth medium (GM) for 7 days
following exposure to y-ray irradiation (Fig. 2A). The pro-
liferation ability of satellite cells was evaluated by counting
the total number of DAPI™ satellite cell-derived cells.
Although exposure to MDR and HDR significantly sup-
pressed the population expansion of satellite cells (Fig. 2B),
immunostaining for Ki67, a proliferation marker, showed
that the percentage of Ki67"™° nuclei was unchanged
(Fig. 2C, quantified in Fig. 2D). These data suggest that
yp-ray irradiation at MDR and HDR lowers the ability of
population expansion with a delay in cell-cycle progression
in satellite cells.

Myogenic differentiation is not affected by
y-ray irradiation

Given that the proliferation ability was impaired by expo-
sure to MDR and HDR, we further determined whether
myogenic differentiation was also affected by the irradia-
tion. Myogenic differentiation of satellite cells was
induced by culture in differentiation medium (DM) for
5 days following extensive proliferation as described for
Figure 2A  (Fig. 3A). Immunostaining for myogenin,
which is expressed in cells committed to differentiation,
revealed that the differentiation ability was unchanged by
the exposure to y-ray irradiation (Fig. 3B, quantified in
Fig. 3C). To further determine the late stage of myogenic
progression, freshly isolated satellite cells were induced to
differentiate by culture in DM for 5 days and stained with
an anti-MyHC antibody. We confirmed that irradiated
satellite cells were able to form multinucleated myotubes
and express MyHC in the late stage of differentiation
(Fig. 3D, quantified in Fig. 3E). Thus, these data indicate
that myogenic differentiation is unaltered by total-body
y-ray irradiation.

Satellite cell self-renewal is upregulated by
y-ray irradiation

To evaluate whether total-body 7-irradiation influences
satellite cell self-renewal, plated satellite cells were induced
to differentiate by switching to DM following culture in
GM as described in Figure 3A. Satellite cell self-renewal
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Figure 2. Exposure to moderate- and high-dose y-ray irradiation
impairs population expansion of satellite cells. (A) Adult mice were
exposed to daily y-ray irradiation for 30 days as shown in Figure 1.
The mice were killed immediately after the last irradiation, and
individual myofibers associated with satellite cells were freshly
isolated from EDL muscles by collagenase digestion. The isolated
myofibers were cultured in GM for 7 days. (B) Isolated satellite cells
were cultured in GM for 7 days. Proliferation ability of satellite cells
was evaluated by counting the total number of DAPI-stained nuclei.
(C) Immunostaining for a proliferation marker, Ki67, in satellite cells
(quantified in D). Data represent means 4+ SEM (n = 6 mice).

*P < 0.05, significant difference from control mice.

was determined by immunofluorescence staining for Pax7
and MyoD proteins, as characterized elsewhere (Halevy
et al. 2004; Zammit et al. 2004; Ono et al. 2011). Immu-
nocytochemistry revealed that the percentage of Pax7™"
MyoD ™ self-renewing cells was increased by exposure to
MDR and HDR, but not LDR, in a dose-dependent man-
ner (Fig. 4A, quantified in Fig. 4B), which mirrored the
proliferation ability shown in Figure 2B. Thus, y-ray irra-
diation-induced genotoxic stress may promote self-
renewal of satellite cells to maintain a stem cell pool in
skeletal muscle.
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Figure 3. Differentiation is unaffected by y-ray irradiation in
satellite cells. (A-E) Satellite cells associated with single myofibers
were isolated from EDL muscles of mice with daily exposure to y-
ray irradiation for 30 days as shown in Figure 1, and maintained in
GM for 7 days (B, C) before induction of myogenic differentiation
by culture in DM (D, E). (B) Immunostaining for myogenin, a
marker of myogenic differentiation (quantified in C). (D)
Immunostaining for MyHC (quantified in E). Data represent

means + SEM (n = 6 mice).

Satellite cell proliferation is impaired even
with low-dose irradiation at the chronic
phase

Finally, to examine the effect of exposure to total-body y-
ray irradiation on satellite cells and myofibers at the
chronic phase, irradiated mice were killed at 3 months
after the last irradiation and single myofibers associated
with satellite cells were freshly isolated from EDL muscles
as shown in Figure 1 (Fig. 5A). Satellite cells were visual-
ized by immunostaining with an anti-Pax7 antibody and
the total nuclei per myofiber were evaluated by the number
of DAPI™ nuclei. The immunostaining analysis revealed
that the reduced numbers of Pax7"*¢ cells and myonuclei
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Figure 4. Self-renewal ability is maintained after y-ray irradiation.
To investigate whether self-renewal is affected by y-ray irradiation,
satellite cells were isolated from EDL muscles of mice exposed to
daily y-ray irradiation for 30 days and maintained in GM for 7 days
before induction of myogenic differentiation by culture in DM for
5 days as shown Figure 3. (A) Immunocytochemistry for Pax7 and
MyoD to visualize Pax7*"*MyoD ™" self-renewing cells (arrows;
quantified in B). Data represent means 4 SEM (n = 6 mice).

*P < 0.05, significant difference from control mice.

observed after MDR and HDR exposure at the acute phase
(Fig. 1C and D) returned to the basal levels at the chronic
phase (Fig. 5B and C). Surprisingly, however, the prolifera-
tion ability was slightly decreased, even for LDR, at the
chronic exposure phase (Fig. 5D). Taken together, our
results demonstrate that, in adult skeletal muscle, exposure
to even a low-dose of y-ray irradiation influences satellite
cell function at the chronic phase, rather than inducing
hormetic health benefits.

Discussion

Tissue stem cells in adults retain the ability to proliferate,
self-renew, and differentiate throughout life to maintain
tissue homeostasis and repair injuries. Understanding
how the balance between self-renewal and differentiation
is regulated in satellite cells is central to elucidating how
skeletal muscle maintains a stem cell pool and homeosta-
sis throughout life (Relaix and Zammit 2012; Ono 2014;
Wang et al. 2014). In this study, we investigated the
time- and dose-dependent effects of ionizing irradiation
on adult muscle satellite cells, which are normally
maintained in a quiescent state, at the acute and chronic
exposure phases. We found that the numbers of both
myonuclei and satellite cells per myofiber were decreased
after MDR or HDR, but not LDR, at the acute exposure
phase. Unexpectedly, the MDR and HDR exposures also
resulted in increased self-renewal of satellite cells in a
dose-dependent manner, whereas myogenic differentiation
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Figure 5. Proliferation ability is impaired by even low-dose
y-irradiation in the chronic phase. (A) Schedule of the total-body
y-ray irradiation. To examine the effects of y-irradiation on satellite
cells in the chronic exposure phase, mice were killed at 3 months
after the last y-irradiation exposure. Individual myofibers associated
with satellite cells were freshly isolated from EDL muscles, and
satellite cells were cultured in GM for 7 days as shown in Figure 2.
(B, C) Numbers of DAPI*'® myonuclei and Pax7*"¢ satellite cells per
myofiber (quantified in B and C, respectively). (D) The proliferation
ability was evaluated by counting the total number of DAPI**®
nuclei for satellite cells. Data represent means + SEM (n = 6 mice).
*P < 0.05, significant difference from control mice.

was unaltered. Thus, our data indicate that moderate and
high levels of ionizing radiation upregulate the self-
renewal ability of satellite cells to maintain the stem cell
pool in muscle even with reduced proliferative capacity.
We found that the proliferation, differentiation, and self-
renewal of satellite cells were unaffected by LDR at the
acute phase. Surprisingly, however, the proliferative ability
of satellite cells was slightly decreased in LDR-exposed mice
at the chronic phase. This unexpected result indicates that
LDR exposure can negatively influence the function of
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satellite cells, rather than inducing hormetic health benefits,
in skeletal muscle of adult mice. Consistent with our find-
ings, exposure of mice to total-body y-irradiation for a long
period (approximately 400 days) at a very low-dose rate
(1.1 mGy/day) resulted in a shortened lifespan in female
mice, but not in male mice, although there was no inci-
dence of tumors (Tanaka et al. 2003).

Our results showed that the numbers of both myonu-
clei and satellite cells per myofiber were decreased with
MDR or HDR at the acute exposure phase. Although
these reductions were completely restored to the control
levels at the chronic exposure phase, the ability for popu-
lation expansion of satellite cells was still decreased. These
results suggest that better understanding of the effects of
total-body y-ray irradiation is necessary to evaluate not
only the quantity, but also the quality, of tissue stem cells
in the acute and chronic exposure phases.

One of the well-investigated tissue stem cell types on
radiosensitivity is hematopoietic stem cells (Heylmann
et al. 2014). Recently, we examined the sensitivity and
dose-dependency of radiation-induced injury in hemato-
poietic stem/progenitor cells in mice with daily exposure
under the same conditions used in this study (Guo et al.
2015). The percentages of CD34"" hematopoietic stem/
progenitor cells isolated from bone marrow were reduced
in mice exposed to even LDR at the acute phase. This
reduction was fully recovered for LDR and MDR, but not
for HDR, at the chronic phase (Guo et al. 2015). Taken
together, these data indicate that the sensitivity to total-
body y-ray irradiation depends on the specific stem cell
type involved.

In this study, we examined the effects of exposure to
total-body y-ray radiation on muscle tissue stem cells. No
hormetic responses in proliferation, differentiation, or
self-renewal of satellite cells at the acute phase were
observed for LDR, which may influence the proliferative
ability of satellite cells at the chronic phase. In conclusion,
LDR may attenuate satellite cell function, rather than
induce hormetic health benefits, in skeletal muscle. In this
study, we were not able to undertake the effect of expo-
sure to ionizing radiation on muscle regeneration in vivo.
Future studies will be valuable to understand the effects
of low levels of ionizing irradiation on tissue stem cells,
including satellite cells, in vivo as well as in vitro.

Acknowledgments

We thank Ms. Hamasaki and Dr. Kawakatsu for technical
assistance.

Conflict of Interest

The authors declare no conflict of interest.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



S. Masuda et al.

References

Bonner, W. M. 2003. Low-dose radiation: thresholds,
bystander effects, and adaptive responses. Proc. Natl Acad.
Sci. USA 100:4973—4975.

Chakkalakal, J. V., K. M. Jones, M. A. Basson, and A. S. Brack.
2012. The aged niche disrupts muscle stem cell quiescence.
Nature 490:355-360.

Chakkalakal, J. V., J. Christensen, W. Xiang, M. T. Tierney, F.
S. Boscolo, A. Sacco, et al. 2014. Early forming label-
retaining muscle stem cells require p27kip1 for maintenance
of the primitive state. Development 141:1649-1659.

Collins, C. A,, I. Olsen, P. S. Zammit, L. Heslop, A. Petrie, T.
A. Partridge, et al. 2005. Stem cell function, self-renewal,
and behavioral heterogeneity of cells from the adult muscle
satellite cell niche. Cell 122:289-301.

Fushiki, S. 2013. Radiation hazards in children — lessons from
Chernobyl, Three Mile Island and Fukushima. Brain Dev.
35:220-227.

Guo, C. Y, L. Luo, Y. Urata, S. Goto, W. J. Huang, S.
Takamura, et al. 2015. Sensitivity and dose dependency of
radiation-induced injury in hematopoietic stem/progenitor
cells in mice. Sci. Rep. 5:8055.

Halevy, O., Y. Piestun, M. Z. Allouh, B. W. Rosser, Y.
Rinkevich, R. Reshef, et al. 2004. Pattern of Pax7 expression
during myogenesis in the posthatch chicken establishes a
model for satellite cell differentiation and renewal. Dev.
Dyn. 231:489-502.

Heylmann, D., F. Rodel, T. Kindler, and B. Kaina. 2014.
Radiation sensitivity of human and murine peripheral blood
lymphocytes, stem and progenitor cells. Biochim. Biophys.
Acta 1846:121-129.

Huang, L., A. R. Snyder, and W. F. Morgan. 2003. Radiation-
induced genomic instability and its implications for
radiation carcinogenesis. Oncogene 22:5848—5854.

Hyun, S. J.,, M. Y. Yoon, T. H. Kim, and J. H. Kim. 1997.
Enhancement of mitogen-stimulated proliferation of low
dose radiation-adapted mouse splenocytes. Anticancer Res.
17:225-229.

Kadhim, M., S. Salomaa, E. Wright, G. Hildebrandt, O. V.
Belyakov, K. M. Prise, et al. 2013. Non-targeted effects of
ionising radiation-Implications for low dose risk. Mutat.
Res. 752:84-98.

Kuang, S., K. Kuroda, F. Le Grand, and M. A. Rudnicki. 2007.
Asymmetric self-renewal and commitment of satellite stem
cells in muscle. Cell 129:999-1010.

Lepper, C., T. A. Partridge, and C. M. Fan. 2011. An absolute
requirement for Pax7-positive satellite cells in acute injury-
induced skeletal muscle regeneration. Development
138:3639-3646.

Manda, K., J. N. Kavanagh, D. Buttler, K. M. Prise, and G.
Hildebrandt. 2014. Low dose effects of ionizing radiation on
normal tissue stem cells. Mutat. Res., Rev. Mutat. Res.
$1383-5742(14):00017-9.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Effects of lonizing Radiation on Muscle Stem Cells

Mauro, A. 1961. Satellite cell of skeletal muscle fibers.
J. Biophys. Biochem. Cytol. 9:493-495.

Montarras, D., J. Morgan, C. Collins, F. Relaix, S. Zaffran, A.
Cumano, et al. 2005. Direct isolation of satellite cells for
skeletal muscle regeneration. Science 309:2064-2067.

Moquet, J. E., J. S. Prosser, A. A. Edwards, and D. C. Lloyd.
1989. Sister-chromatid exchanges induced by mitomycin C
after acute or chronic exposure of human lymphocytes to a
low dose of X-rays. Mutat. Res. 227:207-213.

Olguin, H. C,, and B. B. Olwin. 2004. Pax-7 up-regulation
inhibits myogenesis and cell cycle progression in satellite
cells: a potential mechanism for self-renewal. Dev. Biol.
275:375-388.

Ono, Y. 2014. Satellite cell heterogeneity and hierarchy in
skeletal muscle. J. Phys. Fitness Sports Med. 3:229-234.

Ono, Y., L. Boldrin, P. Knopp, J. E. Morgan, and P. S.
Zammit. 2010. Muscle satellite cells are a functionally
heterogeneous population in both somite-derived and
branchiomeric muscles. Dev. Biol. 337:29-41.

Ono, Y., F. Calhabeu, J. E. Morgan, T. Katagiri, H. Amthor,
and P. S. Zammit. 2011. BMP signalling permits
population expansion by preventing premature myogenic
differentiation in muscle satellite cells. Cell Death Differ.
18:222-234.

Ono, Y., S. Masuda, H. S. Nam, R. Benezra, Y. Miyagoe-
Suzuki, and S. Takeda. 2012. Slow-dividing satellite cells
retain long-term self-renewal ability in adult muscle. J. Cell
Sci. 125:1309-1317.

Ono, Y., Y. Urata, S. Goto, S. Nakagawa, P. O. Humbert, T. S.
Li, et al. 2015. Muscle stem cell fate is controlled by the
cell-polarity protein scrib. Cell Rep. 10:1135-1148.

Otto, A., H. Collins-Hooper, and K. Patel. 2009. The origin,
molecular regulation and therapeutic potential of myogenic
stem cell populations. J. Anat. 215:477-497.

Park, S. H., Y. Lee, K. Jeong, S. Y. Yoo, C. K. Cho, and Y. S.
Lee. 1999. Different induction of adaptive response to
ionizing radiation in normal and neoplastic cells. Cell Biol.
Toxicol. 15:111-119.

Preston, D. L., E. Ron, S. Tokuoka, S. Funamoto, N. Nishi, M.
Soda, et al. 2007. Solid cancer incidence in atomic bomb
survivors: 1958—1998. Radiat. Res. 168:1-64.

Prise, K. M., and A. Saran. 2011. Concise review: stem cell
effects in radiation risk. Stem Cells 29:1315-1321.

Raaphorst, G. P., and S. Boyden. 1999. Adaptive response and
its variation in human normal and tumour cells. Int. J.
Radiat. Biol. 75:865-873.

Relaix, F., and P. S. Zammit. 2012. Satellite cells are essential
for skeletal muscle regeneration: the cell on the edge returns
centre stage. Development 139:2845-2856.

Sacco, A., R. Doyonnas, P. Kraft, S. Vitorovic, and H. M.
Blau. 2008. Self-renewal and expansion of single
transplanted muscle stem cells. Nature 456:502—506.

Sambasivan, R., R. Yao, A. Kissenpfennig, L. Van
Wittenberghe, A. Paldi, B. Gayraud-Morel, et al. 2011.

2015 | Vol. 3 | Iss. 4 | e12377
Page 7



Effects of lonizing Radiation on Muscle Stem Cells

Pax7-expressing satellite cells are indispensable for adult
skeletal muscle regeneration. Development 138:3647-3656.

Sanderson, B. J., and A. A. Morley. 1986. Exposure of human
lymphocytes to ionizing radiation reduces mutagenesis by
subsequent ionizing radiation. Mutat. Res. 164:347-351.

Seale, P., L. A. Sabourin, A. Girgis-Gabardo, A. Mansouri, P.
Gruss, and M. A. Rudnicki. 2000. Pax7 is required for the
specification of myogenic satellite cells. Cell 102:777-786.

Shadley, J. D., and G. Dai. 1993. Evidence that the adaptive
response of human lymphocytes to ionizing radiation acts
on lethal damage in nonaberrant cells. Mutat. Res.
301:171-176.

Suzuki, K., N. Mitsutake, V. Saenko, and S. Yamashita. 2015.
Radiation signatures in childhood thyroid cancers after the
Chernobyl accident: possible roles of radiation in
carcinogenesis. Cancer Sci. 106:127—-133.

Tanaka, S., I. B. Tanaka 3rd, S. Sasagawa, K. Ichinohe, T.
Takabatake, S. Matsushita, et al. 2003. No lengthening of
life span in mice continuously exposed to gamma rays at
very low dose rates. Radiat. Res. 160:376-379.

Walsh, L., W. Zhang, R. E. Shore, A. Auvinen, D. Laurier, R.
Wakeford, et al. 2014. A framework for estimating

2015 | Vol. 3 | Iss. 4 | e12377
Page 8

S. Masuda et al.

radiation-related cancer risks in Japan from the 2011
Fukushima nuclear accident. Radiat. Res. 182:556-572.

Wang, Y. X., N. A. Dumont, and M. A. Rudnicki. 2014.
Muscle stem cells at a glance. J. Cell Sci. 127:4543-4548.

Yabe, H., Y. Suzuki, H. Mashiko, Y. Nakayama, M. Hisata,
S. Niwa, et al. 2014. Psychological distress after the Great
East Japan Earthquake and Fukushima Daiichi Nuclear
Power Plant accident: results of a mental health and
lifestyle survey through the Fukushima Health
Management Survey in FY2011 and FY2012. Fukushima J.
Med. Sci. 60:57-67.

Yoshida, N., H. Imada, N. Kunugita, and T. Norimura. 1993.
Low dose radiation-induced adaptive survival response in
mouse spleen T-lymphocytes in vivo. J. Radiat. Res.
34:269-276.

Zammit, P. S, J. P. Golding, Y. Nagata, V. Hudon, T. A.
Partridge, and J. R. Beauchamp. 2004. Muscle satellite cells
adopt divergent fates: a mechanism for self-renewal? J. Cell
Biol. 166:347-357.

Zammit, P. S., F. Relaix, Y. Nagata, A. P. Ruiz, C. A. Collins,
T. A. Partridge, et al. 2006. Pax7 and myogenic progression
in skeletal muscle satellite cells. J. Cell Sci. 119:1824-1832.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



