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ABSTRACT

Mitochondria strongly contribute to the maintenance of cellular integrity through various mechanisms, including
oxidative adenosine triphosphate production and calcium homeostasis regulation. Therefore, proper regulation of
the abundance, distribution and activity of mitochondria is crucial for the maintenance of cellular homeostasis.
Previous studies have shown that ionizing radiation (IR) alters mitochondrial functions, suggesting that mitochon-
dria are likely to be an important target of IR. Though IR reportedly influences cellular mitochondrial abundance,
the mechanism remains largely unknown. In this study, we examined how IR influences mitochondrial abundance
in mouse fibroblasts. When mouse NIH/3T3 cells were exposed to X-rays, a time-dependent increase was
observed in mitochondrial DNA (mtDNA) and mitochondrial mass, indicating radiation-induced upregulation of
mitochondrial abundance. Meanwhile, not only did we not observe a significant change in autophagic activity after
irradiation, but in addition, IR hardly influenced the expression of two mitochondrial proteins, cytochrome ¢ oxi-
dase subunit IV and cytochrome ¢, or the mRNA expression of Polg, a component of DNA polymerase y. We
also observed that the expression of transcription factors involved in mitochondrial biogenesis was only marginally
affected by IR. These data imply that radiation-induced upregulation of mitochondrial abundance is an event inde-
pendent of macroautophagy and mitochondrial biogenesis. Furthermore, we found evidence that IR induced
long-term cell cycle arrest and cellular senescence, indicating that these events are involved in regulating mito-
chondrial abundance. Considering the growing significance of mitochondria in cellular radioresponses, we believe
the present study provides novel insights into understanding the effects of IR on mitochondria.

KEYWORDS: ionizing radiation, cellular radioresponse, mitochondria, mitochondrial biogenesis, cell cycle arrest,
cellular senescence

INTRODUCTION
Mitochondria are double-membrane—enclosed eukaryotic organelles
with a vital role in numerous cellular functions. Besides oxidative
adenosine triphosphate (ATP) production, they are essential for
other functions such as B-oxidation of free fatty acids, heme synthe-

sis, and calcium homeostasis [1]. Since mitochondria contribute

greatly towards the maintenance of cellular integrity, proper regula-
tion of their abundance, distribution and activity is crucial for the
maintenance of cellular homeostasis. Cellular mitochondrial abun-
dance is governed by the balance between production and elimin-
ation [2, 3]. Mitochondrial biogenesis, the process whereby new
mitochondria are produced, is a sophisticated multistep process that
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involves mitochondrial DNA (mtDNA) transcription and transla-
tion, translocation of nucleus-derived transcripts, and recruitment of
newly synthesized proteins and lipids [4]. On the other hand, elim-
ination of mitochondria is mainly achieved via mitochondrial autop-
hagy or ‘mitophagy’, a process where severely damaged or
superfluous mitochondria are degraded via macroautophagy [4].
Mitochondrial abundance within the cell is not constant, but rather
fluctuates in response to various external stress stimuli such as cold
exposure, energy deprivation, and physical exercise [2]. This regula-
tion of mitochondrial abundance is intricate and requires precise
coordination, where disruption or alterations in mitochondrial abun-
dance have been associated with various pathologies. For example,
increased mitochondrial abundance is a common denominator of
several disorders, including neurodegenerative diseases and myop-
athies [S, 6]. Similar progressive mitochondrial accumulation is
observed during aging in multiple cell types in a diversity of organ-
isms [4]. Thus, deciphering the mechanisms that control mitochon-
drial abundance is important for fully understanding the growing
significance of the role of mitochondria in human health.

Ionizing radiation (IR) elicits a variety of responses in eukaryotic
cells, including DNA repair, reversible or irreversible cell cycle arrest,
and the activation of stress signaling [7, 8]. These cellular responses
ultimately influence the fate of irradiated cells. Radiation-induced cel-
lular responses include the alteration of mitochondrial functions, such
as mitochondrial respiration and reactive oxygen species (ROS) pro-
duction [9-11]. We previously reported that IR affects various
aspects of mitochondrial physiology, including mitochondrial respir-
ation, ATP production, and mitochondrial dynamics [12, 13]. In add-
ition, mitochondria are also suggested to be involved in radiation-
induced intra- and intercellular signaling [14-16]. These findings
indicate that mitochondria are likely to be an important target of IR
and may play a critical role in cellular radioresponses.

Among various types of radioresponses, previous studies have
indicated that IR influences cellular mitochondrial abundance [12, 17].
In support of these observations, Nugent et al. demonstrated that
IR increases mitochondrial mass [10], and other groups observed
increased mtDNA after irradiation [18, 19]. Similar results have
also been reported in vivo [19, 20]. This suggests that a change in
mitochondrial abundance after IR is a conserved radioresponse.
However, the mechanism by which IR affects mitochondrial abun-
dance remains unclear. In this study, we provide evidence that the
radiation-induced increase of mitochondrial abundance is an event
independent of macroautophagy and mitochondrial biogenesis.

MATERIALS AND METHODS
Reagents

MitoTracker Green FM was purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Anti-LC3 antibody (PM036) was purchased
from Medical and Biological Laboratories (Nagoya, Japan). Anti-
cytochrome ¢ (Cyt c) antibody was obtained from BD Biosciences
(San Jose, CA, USA). Anti-cytochrome c oxidase IV (COX IV), anti-
actin and horseradish peroxidase (HRP)-conjugated secondary anti-
bodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The chemiluminescence detection kit, Western Lightning
Plus-ECL, was purchased from Perkin-Elmer (Waltham, MA, USA).
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Cell culture and X-irradiation

Mouse embryonic fibroblast NIH/3T3 cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher
Scientific) containing 10% (v/v) calf serum (Thermo Fisher
Scientific) at 37°C in 5% CO,. SV40-immortalized mouse embry-
onic fibroblasts (MEFs) were maintained in DMEM containing
10% (v/v) fetal bovine serum (Biowest; Nuaille, France) at 37°C in
5% CO,. X-irradiation was performed at room temperature (RT)
using a Shimadzu PANTAK HF-320 X-ray irradiator (Shimadzu;
Kyoto, Japan) or an X-RAD iR-22S X-ray irradiator (Precision
X-Ray; North Branford, CT, USA) with a dose rate of 2.54 Gy/min
at 200 kVp, 20 mA with a 1.0-mm aluminum filter or 1.37 Gy/min
at 200 kVp, 15 mA with a 1.0-mm aluminum filter, respectively.
After irradiation, the culture medium was replaced with fresh
growth medium and the cells were cultured for analysis.

Mitochondrial DNA copy number

Total genomic DNA containing mtDNA and nuclear DNA
(nDNA) was extracted from cells using a Blood & Cell Culture
DNA Mini Kit (QIAGEN; Hilden, Germany) according to the man-
ufacturer’s instructions. DNA was eluted with TE buffer and its
quantity and purity was determined by spectrometric analysis. The
relative copy number of mtDNA to nDNA was determined by real-
time polymerase chain reaction (PCR) using primers specific to
NADH dehydrogenase subunit 6 (ND6; mitochondrial) and beta-2
microglobulin (B2m; nuclear) genes (Table 1). The obtained DNA
(S ng for ND6; 20 ng for B2m) was subjected to real-time PCR
analysis using a LightCycler Nano System (Roche Applied Science,
Mannheim, Germany), with the samples being prepared using
FastStart Essentil DNA Green Master mix (Roche Applied
Science). The following conditions were applied for PCR analysis:
95°C for 10 min, followed by 45 cycles at 95°C for 20 s, 60°C for
20 s and 72°C for 20 s. A melting curve analysis step was performed
at the end of amplification, consisting of continuous heating from
60°C to 95°C with 0.1°C increments every 1 s. Serial dilutions of
DNA from non-irradiated cells were analyzed to establish standard
curves. The sizes of PCR products were verified by agarose gel elec-
trophoresis (Supplementary Fig. 1A).

Mitochondrial mass

Mitochondrial mass was measured as previously described [12] with
minor modification. Briefly, cells were incubated with serum-free
DMEM containing 1 pM MitoTracker Green FM for 30 min at 37°C.
Cells were then trypsinized and washed twice with phosphate-buffered
saline (PBS), followed by resuspension in PBS. MitoTracker fluores-
cence was obtained using an EPICS XL flow cytometer (Beckman
Coulter; Brea, CA, USA).

Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and western blotting
Cells were collected and lysed with lysis buffer [SOmM Tris-HCI
(pH 7.5), 1% (v/v) Triton X-100, 5% (v/v) glycerol, S mM EDTA
and 150 mM NaCl]. After centrifugation at 18 000 g for 15 min at
4°C, supernatant was collected and boiled for 3 min with 3-fold
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Table 1. Sequences of primers used in the study

Name Symbol Orientation ~ Sequence (5'-3") Size (bp)

NADH dehydrogenase subunit 6 ND6 Forward ACCATCATTCAAGTAGCACAACTAT 126

(mtDNA) Reverse AGTTGGAGTAATTAATCTTGATGGT

beta-2 microglobulin B2m Forward AGGAGTGGATCTCTGGAAAG 169

(nDNA) Reverse GCTTGATCACATGTCTCGAT

peptidylprolyl isomerase A Ppia Forward GAGCTGTTTGCAGACAAAGTTC 125
Reverse CCCTGGCACATGAATCCTGG

polymerase (DNA directed), gamma Polg Forward GCAGATGTATGCAGTCACAA 92
Reverse TGTCCACAGGAAGATTCAAC

peroxisome proliferator-activated receptor, gamma, Ppargcla  Forward TCATTTGATGCACTGACAGA 153

coactivator 1 alpha

Reverse GTAGCTGAGCTGAGTGTTGG

transcription factor A, mitochondrial Tfam Forward TCCCCTCGTCTATCAGTCTT 98
Reverse TGTGGAAAATCGAAGGTATG

transcription factor B2, mitochondrial Tfb2m Forward AGAGGAACATGGATGGAGAG 230
Reverse GCAGGAGTACAGATCGAACA

nuclear respiratory factor 1 Nirfl Forward CGTACCATCACAGACCGTAG 157
Reverse AGCCACAGCAGAGTAATTCA

GA repeat binding protein, beta 1 Gabpbl Forward TTTGGGGAAGAAGCTTTTAG 107
Reverse GAGAAGTTCCCAACCAGTCT

concentrated Laemmli sample buffer [0.1875 M Tris-HCl (pH 6.8),
15% (v/v) B-mercaptoethanol, 6% (w/v) sodium dodecyl sulfate
(SDS), 30% (v/v) glycerol and 0.006% (w/v) bromophenol blue].
Proteins were separated by SDS-polyacrylamide gel electrophoresis and
then transferred onto a nitrocellulose membrane (Advantec TOYO;
Tokyo, Japan). The membrane was blocked with Tris-buffered saline
with Tween 20 (TBST) [10 mM Tris-HCl (pH 7.4), 0.1 M NaCl and
0.1% Tween-20] containing 5% (w/v) non-fat skim milk and probed
with specific antibodies diluted in TBST containing 5% (w/v) non-fat
skim milk, overnight at 4°C. After probing with HRP-conjugated
secondary antibodies, the bound antibodies were detected with
Western Lightning Plus-ECL. Images were captured using a LAS
4000 mini image analyzer (Fujifilm; Tokyo, Japan) and analyzed
with MultiGauge software (Fujifilm).

Quantitative reverse transcription—polymerase
chain reaction
Quantitative reverse transcription (qRT)-PCR analysis was per-
formed as previously described [21]. Total RNA was extracted using
a Relia Prep” RNA Cell Miniprep System (Promega Corporation,

Madison, WI, USA). The RNA sample (2 pg) was reverse-
transcribed using the ReverTra Ace® qPCR RT Master Mix
(TOYOBO, Osaka, Japan). The obtained cDNA was subjected to
real-time PCR analysis using a LightCycler Nano System, with the
samples being prepared using FastStart Essential DNA Green Master
mix. The sequences of the PCR primers used for qRT-PCR are
shown in Table 1. The following conditions were applied for PCR
analysis: initial denaturation at 95°C for 10 min, followed by 45
cycles at 95°C for 20 s, 60°C for 20 s and 72°C for 20 s. A melting
curve analysis step was performed at the end of amplification, con-
sisting of continuous heating from 60°C to 95°C with 0.1°C incre-
ments every 1 s. Serial dilutions of DNA from non-irradiated cells
were analyzed to establish standard curves. The relative mRNA level
of each gene was normalized to that of peptidylprolyl isomerase A,
which was used as the internal control. The sizes of PCR products
were verified by agarose gel electrophoresis (Supplementary Fig. 2).

Transmission electron microscopy
For electron microscopy, cultured cells were washed with PBS and
fixed in 2.5% glutaraldehyde/0.1 M phosphate buffer for 4 h.
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Subsequently, cells were postfixed in 1% osmium tetroxide for 1.5 h.
Fixed cells were collected by Cell Scrapers (Nalge Nunc
International; Rochester, NY, USA) and centrifuged at 1000 rpm
for 5 min. Collected cells were embedded in 3% agarose, dehydrated
in a graded alcohol series, and embedded in Quetol 812 (Nisshin
EM; Tokyo, Japan). Ultrathin sections (50 nm) were double-
stained with uranyl acetate and lead citrate. All samples were photo-
graphically captured using a JOEL transmission electron microscope
operated at 90 kV (JEM-1400 Plus, JEOL, Tokyo, Japan).

Cell cycle analysis

Cell cycle analysis was conducted as previously described [22].
Briefly, after cells were collected and washed with ice-cold PBS,
they were fixed with ice-cold 70% (v/v) ethanol and kept at —20°C
for 12 h. RNA was hydrolyzed with 100 pg/ml RNase A (NIPPON
GENE; Tokyo, Japan) at 37°C for 30 min. The cells were stained
with propidium iodide (Sigma-Aldrich) for 20 min. The DNA con-
tent of the cells was measured using an EPICS XL flow cytometer.
Percentages of cells in each phase of the cell cycle were calculated
by manually gating the histograms.

Senescence-associated f3-gal staining
Cells were plated on 35-mm tissue culture dishes and incubated
until exposure to 10 Gy X-rays. After irradiation, cells were stained
with the Senescence p-Galactosidase Staining Kit (#9860) according
to the manufacturer’s instructions (Cell Signaling Technology,
Danvers, MA, USA). Senescent cells were identified and scored
under a light microscope.

Statistical analysis
All results are expressed as mean + standard deviation (SD) of at
least three separate experiments. Statistical analyses were performed
by the Dunnett’s test or Mann—Whitney U test. The minimum level
of significance was set at P < 0.05.

RESULTS
Effect of X-irradiation on mitochondrial abundance
To determine whether IR influences the quantity of mitochondria, we
first examined mtDNA content as a marker of mitochondrial abun-
dance in NIH/3T3 cells exposed to X-irradiation. As shown in
Fig. 1A, cellular mtDNA copy number was elevated after X-irradiation
in a dose-dependent manner. Time-course analysis revealed that IR
increased cellular mtDNA content progressively, up to 72h post-
irradiation (Fig. 1B). Similarly, X-irradiation resulted in a time-
dependent increase in mitochondrial mass, measured by MitoTracker
Green staining of mitochondria (Fig. 1C). These results indicate that

X-irradiation stimulates an increase in mitochondrial abundance.

Effect of X-irradiation on autophagic activity,
mitochondrial protein expression and mitochondrial
DNA replication
To examine whether macroautophagy was involved in the increase in
mitochondrial abundance after irradiation, we utilized established bio-
chemical measures of autophagic activity. Covalent lipidation of the
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Fig. 1. Effect of X-irradiation on mitochondrial
abundance. (A) NIH/3T3 cells were exposed
to X-rays at the indicated doses, followed by a
72-h incubation period. Total genomic DNA
was extracted and the mtDNA/nDNA ratio
was determined by real-time PCR. (B) NIH/
3T3 cells were exposed to 10 Gy X-rays and
incubated for the indicated times. Total
genomic DNA was extracted and the mtDNA/
nDNA ratio was determined by real-time PCR.
(C) NIH/3T3 cells were exposed to 10 Gy X-
rays and incubated for the indicated times.
The cells were stained with MitoTracker
Green and fluorescence intensity was
evaluated by flow cytometry. Data are
expressed as mean + SD of three independent
experiments. *P < 0.05, **P < 0.01 versus 0
Gy or 0 h (Dunnett’s test).

ubiquitin-fold protein Atg8/microtubule-associated protein light chain
3 (LC3) is essential for autophagy induction [23]. The unconjugated
LC3-I form is diffuse in the cytosol, whereas phosphatidylethanolamine-
conjugated LC3-IL is localized to autophagic vacuoles and exhibits great-
er mobility by SDS-PAGE [24]. After X-irradiation, LC3-II level
was slightly diminished at 8 h post-irradiation, followed by a grad-
ual increase toward 72h post irradiation (Fig. 2A). Because the
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LC3-1I amount is an index of autophagic activity [24], this
result shows that autophagic activity initially drops after irradi-
ation and then recovers to the basal level by 72h after irradi-
ation. This time-course is inconsistent with the time-course
change of mitochondrial abundance after irradiation. Therefore,
it suggests that radiation-induced upregulation of mitochondrial
abundance is not due to the reduction of autophagic activity.
We then explored whether IR affects mitochondrial protein
expression and mtDNA replication, which are associated with the
control of mitochondrial abundance [2]. To this end, we first tested
the expression of two mitochondrial proteins, COX IV and Cyt ¢, in
whole-cell extract obtained from NIH/3T3 cells exposed to 10 Gy
X-rays. Contrary to our expectations, X-irradiation caused no signifi-
cant impact on the expression of these mitochondrial proteins
(Fig. 2B and C). To investigate whether the radiation-induced
mtDNA upregulation was associated with an increase in mtDNA
replication, we examined the mRNA expression of Polg, a compo-
nent of DNA polymerase y that regulates mtDNA replication [25].
As shown in Fig. 2D, X-irradiation did not cause an increase, but
rather a slight decrease in Polg expression at 48 h post-irradiation.
These results suggest that X-irradiation upregulates mitochondrial
abundance without increasing mitochondrial protein expression and
mtDNA replication.

Effect of X-irradiation on the expression of mitochondrial
biogenesis-related genes

In general, increased mitochondrial abundance is induced via mito-
chondrial biogenesis, a process by which new mitochondria are pro-
duced via growth and division of pre-existing mitochondria [2, 4].
Since the transcriptional activation of genes related to mitochondrial
biogenesis is generally regarded to be critical for this process, we
examined whether IR influences it. After NIH/3T3 cells were irra-
diated with 10 Gy, total RNA was extracted and mRNA expression
of the following genes was evaluated by qRT-PCR: peroxisome pro-
liferator—activated receptor, gamma, coactivator 1 alpha (Ppargcla);
transcription factor A, mitochondrial (Tfam); transcription factor
B2, mitochondrial (Tfb2m); nuclear respiratory factor 1 (Nrfl); and
GA-repeat binding protein, beta 1 [Gabpbl, also known as nuclear
respiratory factor 2 (Nrf2)]. While the expression of Ppargcla,
which is a co-transcriptional regulation factor that promotes mito-
chondrial biogenesis by activating various transcription factors, was
significantly upregulated by X-irradiation up to 72 h post irradiation
(Fig. 3A), the expression of other genes, which are all transcription
factors involved in mitochondrial biogenesis, was only marginally
affected by IR (Fig. 3B-E). Collectively, these data imply that,
although X-irradiation upregulates cellular mitochondrial abundance,
it is not associated with the activation of the conventional mito-
chondrial biogenesis process.

Ultrastructural analysis of mitochondria after
X-irradiation
The above results prompted us to examine the number and the
structure of mitochondria in the irradiated cells using transmission
electron microscopy (TEM). Compared with non-irradiated cells
(Fig. 4A and B), the irradiated cells (Fig. 4C-F) appeared to have
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Fig. 2. Effect of X-irradiation on autophagic activity,
mitochondrial protein expression and mtDNA replication.
NIH/3T3 cells were exposed to 10 Gy X-rays and incubated
for the indicated times. (A) The expression levels of LC3-1
and -II in whole-cell extracts were analyzed by western
blotting. Actin was used as a loading control. Representative
blots of three experiments are shown. (B) The expression
levels of COX IV and Cyt c in whole-cell extract were
analyzed by western blotting. Actin was used as a loading
control. Representative blots of three experiments are shown.
(C) Quantitative analysis of mitochondrial protein
expression. Densitometric analysis was performed, and
expression levels of COX IV and Cyt ¢ were normalized to
that of actin. n.s. = not significant (Dunnett’s test). (D) The
expression level of Polg mRNA was determined by qRT-
PCR, using total RNA extracted from the cells. Data are
expressed as mean + SD of three independent experiments.
*P < 0.05 versus 0 h (Dunnett’s test).
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Fig. 3. Effect of X-irradiation on the expression of mitochondrial biogenesis-related genes. NIH/3T3 cells were exposed to 10
Gy X-rays and incubated for the indicated times. Total RNA was extracted from the cells, and the mRNA levels of genes
related to mitochondrial biogenesis were analyzed by QRT-PCR. The mRNA expression of the following genes was evaluated:
Ppargcla (A), Tfam (B), Tfb2m (C), Nrfl (D) and Gabpb1 (E). Data are expressed as mean + SD of three independent

experiments. *P < 0.05 versus 0 h (Dunnett’s test).

higher numbers of mitochondria. In addition, it was noted that the
mitochondria acquired a granular shape after irradiation, with the
structure of cristae appearing blurred. These findings indicate that
X-irradiation led to an increase in the number of mitochondria with
an atypical cristae structure.

Effect of X-irradiation on cell cycle distribution
and cellular senescence
Because previous studies have shown that the cells in different
phases of the cell cycle contain different amounts of mitochondria
[26-28], we analyzed the cell cycle distribution after X-irradiation.
As shown in Fig. 5A, irradiated cells displayed a significant increase
of cells in the G2 phase until 24 h post irradiation, indicating a pro-
nounced G2 arrest. The number of cells in S phase decreased at 8
to 24 h post irradiation compared with in the control cells, probably
due to GI arrest. Although the cell cycle distribution of the irra-
diated cells partially recovered at 48 and 72 h after the peak of G2
arrest at 24 h, the proportion of G2/M cells was still much higher

at these time points than in the control, indicating the induction of
long-term G2 arrest.

Since it has been shown that cells under long-term G2 arrest
undergo senescence and that mitochondria content is high in senescent
cells [29, 30], we analyzed cellular senescence by senescence-associated
(SA) B-gal assay in irradiated NTH/3T3 cells at 72 h post irradiation. As
shown in Fig. 5B, the rates of SA B-gal-positive cells increased from
3.0 + 0.3% in control cells to 9.2 + 3.2% in irradiated cells. These results
indicate that X-irradiation induces long-term G2 arrest and consequent
cellular senescence, implying the involvement of these cellular responses
in the upregulation of mitochondrial abundance after irradiation.

DISCUSSION
In this study, we demonstrated the time-dependent increase in
mtDNA as well as mitochondrial mass after IR, indicating radiation-
induced upregulation of mitochondrial abundance. While previous
studies have reported a similar phenomenon, several conflicting results
have also been presented [31, 32]. These suggest that, although IR
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Fig. 4. Ultrastructural analysis of mitochondria after X-irradiation. Mouse embryonic fibroblasts (MEFs) were exposed to 10 Gy
X-rays, and ultrastructural morphology was visualized by TEM. (A and B) non-irradiated. (C and D) 12 h after irradiation.
(E and F) 24 h after irradiation. B, D and F are magnified images of mitochondria in A, C and E, respectively. M = mitochondria,

N = nucleus. Representative electron micrographs are shown.

normally results in the upregulation of mitochondrial abundance, dif-
ferences in experimental settings (e.g. cell line, type of radiation, irradi-
ation dose, etc.) could influence mitochondrial status after irradiation,
leading to different outcomes. Further investigation is required for elu-
cidating the mechanism behind this inconsistency.

The results from this study imply that the upregulation of mito-
chondrial abundance after IR is not due to activation of the conven-
tional mitochondrial biogenesis process. In support of our results,
Eaton and colleagues reported that exposure to IR results in an
increase in mtDNA and mitochondrial mass without elevating Tfam
protein expression in primary fibroblasts [33]. Our data also suggest

that increased autophagy is unlikely to be responsible for the upregu-
lation of mitochondrial abundance. Not only did we not observe the
decrease in LC3-II level at the time-points when mitochondrial abun-
dance increased (Fig. 2A), we did not find any trace of enhanced
mitophagy after irradiation by TEM analysis. Additionally, the col-
lapse of mitochondrial membrane potential, which is often concomi-
tant with mitophagy, was not induced by X-irradiation (data not
shown). These findings corroborate the idea that increased mitochon-
drial abundance by IR is independent of macroautophagy/mitophagy.

It has been demonstrated that mitochondrial abundance periodic-
ally fluctuates during cell cycle progression [26-28], indicating the



A 100

g 75
e B > G2/M
° o G2/M
€ 501 - 0g
= =Gl
= B <Gl
-] =
& 25

0 o !

0 -] 24 48 72
Time after irradiation (h)
B =&

2 15 *

]

]

4

g 10

w

-]

-9

I 5

i

B0

=, 1l

@

IR (-) IR (+)

Fig. 5. Effect of X-irradiation on cell cycle distribution and
cellular senescence. (A) NIH/3T3 cells were exposed to
10 Gy X-rays and incubated for the indicated times. Cell
cycle analysis was performed by propidium iodide staining
and flow cytometry. Percentages of cells in each phase of
the cell cycle were calculated, and data are expressed as
mean + SD of three independent experiments. (B) NIH/
3T3 cells were left untreated [IR(-)] or exposed to 10 Gy
X-rays and incubated for 72 h [IR(+)]. Cellular
senescence was measured by senescence-associated (SA)
B-gal assay. SA fB-gal-positive cells were scored under a
light microscope. Data are expressed as mean + SD of
three independent experiments. *P < 0.05 (Mann-
Whitney U test).

association of cell cycle progression with the regulation of mitochon-
drial abundance. In this study, we found that, following the pro-
nounced G2 arrest peak at 24 h after X-irradiation at 10 Gy, cell cycle
distribution of the irradiated cells did not return to normal and the
cells seemingly made a transition to long-term G2 arrest (Fig. SA).
Previous studies have shown that long-term G2 arrest after high-dose
irradiation triggers cellular senescence, and cellular mitochondria con-
tent is high in senescent cells as well as in cells isolated from older
individuals [29, 34]. In addition, the average number of mtDNA gen-
omes per cell was reported to increase at late passages of various dip-
loid human cells [35] and an increase in mitochondrial mass was
reported during replicative senescence of MRC-5 human lung fibro-
blasts [36]. In the present study, we revealed that IR induced cellular
senescence in NIH/3T3 fibroblasts. These lines of evidence imply
that long-term cell cycle arrest and consequent cellular senescence
contribute to the upregulation of mitochondrial abundance after IR.
At this point, it remains unclear how cellular senescence leads to
the increase in mitochondria content. Lee and colleagues have sug-
gested that stress-induced microtubule derangement is one of the
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molecular events involved in the increase in mitochondrial mass
upon treatment with hydrogen peroxide [37]. Microtubules are the
major components of cytoskeletal systems that are responsible for
the regulation of the mitochondrial distribution in the cell. Because
the appearance of senescent cells (enlarged and flattened) indicates the
rearrangement (or derangement) of cytoskeletal systems, this seems to
be a good follow-on point for future investigation. Meanwhile, as the
senescent cells constitute only <10% of the whole population of the
irradiated cells, it is uncertain that the increased mitochondrial abun-
dance after IR can be explained solely by senescence induction. This
should be elucidated by comparing the mitochondrial content in SA
f-gal-positive and —negative cells after irradiation.

Additionally, Ppargcla mRNA expression was significantly ele-
vated after IR, unlike other mitochondrial biogenesis-related genes
tested in this study (Fig. 3). Ppargcla is a transcriptional co-activator
and is widely recognized as the master regulator of mitochondrial bio-
genesis [38, 39]. However, since Ppargcla was the only gene that
responded to IR, it is suggested that Ppargcla participates in biological
processes other than mitochondrial biogenesis upon exposure to IR.
Besides mitochondrial biogenesis, Ppargcla has been associated with
numerous signaling pathways and biological processes such as autop-
hagy, cytokine production, and angiogenesis [39]. Since these processes
are reportedly stimulated by IR, it would be worthwhile to investigate
the role of Ppargcla in these processes in future studies. Furthermore,
the mechanism by which IR induces Ppargcla mRNA expression is
another area of research to be studied. Gene expression of Ppargcla is
stimulated by various external stimuli via the activation of transcription
factors. Peroxisome proliferator—activated receptors (PPARs), cAMP
response element-binding protein (CREB) and Yin Yang 1 (YY1) are
well-known transcription factors regulating Ppargcla expression, all of
which are reported to be influenced by IR [40]. In particular, consider-
ing the involvement of CREB in the DNA damage response [41, 42],
CREB could be responsible for the induction of Ppargcla after IR.

The upregulation of mitochondrial abundance after exposure to
IR may be consequently associated with increased cellular oxidative
stress. Ljubicic et al. have shown that intracellular ROS levels are
affected by the mitochondrial content of the cell [43]. In addition,
we previously demonstrated that radiation-induced G2/M arrest led
to a sustained increase in the number of cells with elevated mito-
chondrial content and those under the higher oxidative stress condi-
tions [12]. Since oxidative stress is one of the main causes of late
post-radiation effects [44], the upregulation of mitochondrial abun-
dance after irradiation may influence the consequence of radiation
exposure in mammalian cells.

TEM evaluation of the mitochondrial morphology in the irra-
diated cells revealed two distinct changes: increase in mitochondrial
number and alteration in mitochondrial morphology. Mitochondria in
the irradiated MEFs exhibited a more granular shape than those in
the control MEFs. Similar morphological change in mitochondria was
also found in irradiated NIH/3T3 cells when evaluated with mito-
chondria staining and laser confocal microscopy (Supplementary Fig.
3). This is a typical signature of mitochondrial fission. Since IR has
been shown to stimulate mitochondrial fission [13, 45, 46], our TEM
data may represent not only the increase in mitochondrial abundance,
but also the induction of mitochondrial fission after irradiation. The
other change noted was blurring of the cristae structure. The
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architecture of cristae is considered to be closely associated with
mitochondrial integrity, and its disruption has been observed in
various diseases [47]. Thus, the blurring of cristae may reflect a
change in mitochondrial function, brought on by exposure to IR.
These lines of evidence seem to support our view that the upregu-
lation of mitochondrial abundance after IR is not due to an
increase in intact mitochondria via the activation of mitochondrial
biogenesis signaling.

In summary, we investigated the mechanism by which IR influ-
ences cellular mitochondrial abundance and found evidence suggesting
that it is an event independent of macroautophagy and mitochondrial
biogenesis. Furthermore, our data implied the involvement of long-
term cell cycle arrest and consequent cellular senescence. Considering
the growing significance of mitochondria in cellular radioresponses,
we believe the present study provides novel insights to understand the
effects of IR on mitochondria.
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