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ABSTRACT
Cytoplasm is an important target for the radiation-induced bystander effect
(RIBE). In the present work, the critical role of protein kinase B (Akt)/mammalian
target of rapamycin (mTOR) pathway in the generation of RIBE signaling after
X-ray irradiation and the rapid phosphorylation of Akt and mTOR was observed in
the cytoplasm of irradiated human lung adenocarcinoma epithelial (A549) cells.
Targeting A549 cytoplasts with individual protons from a microbeam showed that
RIBE signal(s) mediated by the Akt/mTOR pathway were generated even in the
absence of a cell nucleus. These results provide a new insight into the mechanisms
driving the cytoplasmic response to irradiation and their impact on the production
of RIBE signal(s).

particularly in the low-dose regime have been carried out
in recent decades [3, 4].
The roles of cellular cytoplasm and cytoplasmic
organelles in radiobiological effect were revealed since
Wu’s findings [5], and further researches have investigated
the important role of cytoplasm in RIBE. Shao et al. prove
that both precise cytoplasmic and nuclear irradiation,
with α-particle microbeam facility, induce distinct
micronuclei (MN) increase in the co-cultured bystander
cell population [6], and further study by Tartier et al. also
show that cytoplasmic irradiation with the same facility
induces 53BP1 protein relocalization in bystander cells
though the peak of bystander 53BP1 foci induced by
cytoplasmic irradiation is observed significantly later than
that by nuclear irradiation [7]. Furthermore, the critical

INTRODUCTION
The radiation-induced bystander effect (RIBE), an
example of a non-targeted effect of ionizing radiation,
occurs when signal(s) released by the irradiated cells
to activate neighboring or distal non-irradiated cells
and cause effects similar to direct irradiation, including
the induction of chromosomal aberrations, changes of
specific gene expression, genomic instability, mutation or
even neoplastic transformation [1]. It is considered that
RIBE can amplify the biological target area of radiation
and cause genetic risks to the normal cells or tissues
beyond the irradiated target in radiotherapy and other
radiation exposures [1, 2]. Extensive studies on the health
risks of radiation non-targeted effects, including RIBE,
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role of mitochondrial in cytoplasmic irradiation-induced
bystander effect also has been revealed based on that
the irradiated pseudo-ρ0 cells, which lack mitochondrial
DNA, don’t induce bystander effect but the irradiated
cells with normal active mitochondrial function do [7–
9]. It is speculated that the cytoplasm targeting causes
mitochondrial activation and reactive oxygen species
(ROS) production, then the signal(s) transduce into
nucleus to induce the irradiated cells to secret RIBE
signal(s) [7–9]. However, Byrne et al. suggest that the
observed biological responses to cytoplasmic irradiation
with microbeam X-rays or alpha particles could be
attributed to a small amount of out-of-beam scattered
ionizations in the nucleus [10]. As such, it is pertinent to
carry out experiments with more unambiguous designs
to study the RIBE induced by cytoplasm irradiation in
order to better understand the mechanisms underlying the
production and transduction of relevant RIBE signal(s).
In the present study, we found that the protein
kinase B (Akt)/mammalian target of rapamycin (mTOR)
pathway activated in the X-irradiated cytoplasm played
an important role in the production of RIBE signal(s).
Further studies, precisely targeting the cellular cytoplasm
or enucleated cells (cytoplasts) with a proton microbeam,
also showed that the Akt/mTOR pathway was critical in
cytoplasm targeting-induced generation of RIBE signal(s)
even in the absence of a nucleus, and this suggested that
this signaling might be initiated and then play its role in
RIBE in a do novo transcription independent manner.

1C showed that the MN yields decreased significantly with
either MK-2206 or rapamycin treatment respectively.

Activation of Akt and mTOR in X-ray irradiated
cells
To elucidate the activation of Akt and mTOR by
the X-ray (9 Gy) irradiation, protein expression of mTOR
and phosphorylated mTOR (Ser 2448) was detected with
western blot and immunofluorescence. Results showed
that X-ray (9 Gy) irradiation did not induce distinct
change of mTOR protein expression in the whole cell
lysis (Supplementary Figure 2A), but induced transient
mTOR phosphorylation at 10 min post irradiation
(Figure 2A). The protein expression levels of Akt, the
upregulator of mTOR, and p-Akt (Thr 308) did not show
distinct changes in the whole cell lysis (Supplementary
Figure 2B; Figure 2A). The results of p-mTOR and p-Akt
immunofluorescence detection also showed similar trends
to those of western blot (Figure 2B and 3B).
Since the previous studies have shown that Akt is
activated in the cytoplasm [14], we detected p-Akt level in
cytoplasmic lysis and the results showed that p-Akt level
elevated transiently at 10 min after irradiation (Figure 3A).
To detect p-Akt with immunofluorescence, the enucleated
A549 cells (cytoplasts) were made to avoid the influence
of the nucleus. Results in Figure 3B also showed that a
transiently phosphorylaton of Akt occurred at 10 min
after irradiation. Similar to p-Akt, the level of p-mTOR
also elevated transiently in cytoplasm at 10 min after
irradiation (Figure 3A and 3B).

RESULTS

Enucleated cytoplast irradiation induced RIBE

Akt/mTOR mediating RIBE in transwell coculture system

A549 cells were denucleated according to the
methods described in ref. [15], and then the A549
cytoplasts were irradiated precisely with the microbeam
facility at CAS-LIBB, which allowed individual protons
to be delivered to cells with high reproducibility (single
ion delivered with 99% efficiency) and high accuracy
(99% within 5 μm) [16]. About 1,000 fluorescent A549
cells/cytoplasts were seeded in the central area (5 mm
in diameter) of a specially designed microbeam dish
consisting of a 3.5 μm-thick polypropylene film base
(Collaborative Biomedical Products, Bedford, MA,
USA). The non-fluorescent bystander cells were seeded
in six individual circular areas (5 mm in diameter; ~1,000
cells in each area), which were evenly distributed around
the central area (~8 mm apart) in the same microbeam
dish. The pattern of irradiated and bystander cells in the
microbeam dish was shown in Supplementary Figure 1.
Twenty A549 cytoplasts in the irradiated population
were randomly selected and precisely targeted with 2
or 20 protons through the center of each cytoplast. The
MN yield of the bystander cell population distinctly
increased to 1.72 ± 0.19 folds (2 protons) and 1.83 ± 0.63

As regards the research on RIBE induced by X-ray,
a transwell co-culture system was adopted [1, 2] and
RIBE was assessed through the yield of micronucleus
(MN) formation in bystander cells [6, 11]. Human lung
adenocarcinoma epithelial A549 cells were employed
for the present study. Those growing in each well (each
with 1×106 cells) of six-well plate were irradiated, while
those cells growing in transwell inserts (1.0 μm pore size;
Corning, Acton, MA, USA) were used as bystander cells.
Before irradiation, 2 mL of fresh medium was replaced,
and after irradiation the inserts were immediately put into
each well and co-cultured for further analyses.
After 9 Gy X-ray irradiation, the yield of MN in
bystander A549 cells increased distinctly to ~two folds of
control (Figure 1A). To ensure the role of Akt and mTOR
in the generation of RIBE, the specific inhibitors of Akt
(MK-2206, 10 μmol/L; Sigma, St. Louis, MS, USA) and
of mTOR (rapamycin, 200 nmol/L; Sigma, St. Louis, MS,
USA) [12, 13] were used to treat only the irradiated cells
but not the bystander cells for only 1 h before irradiation,
and then removed from the well. Results in Figure 1B and
www.impactjournals.com/oncotarget
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folds (20 protons) of the control (Figure 4). Similarly, 2
or 20 protons targeting the cytoplasm of twenty whole
A549 cells, which were regarded as the positive control
of cytoplast targeting, also increased the MN yield of
bystander cell population significantly (Figure 4). No
significance was observed between the RIBE intensity
induced by cytoplasm- and cytoplast-targeting with 2
or 20 protons. These results indicated that targeting of
cytoplasts, though the nucleus was absent, also induced
distinct RIBE and its intensity was similar to that observed
with cytoplasm targeting.

(Akt) or rapamycin (mTOR) [12, 13], were also used to
treat only the irradiated population but not the bystander
population at 1 h before irradiation and then removed.
Twenty cytoplasts in the irradiated population were also
chosen randomly and each of them was targeted with 20
protons. Results in Figure 5 showed that the MN yield
decreased significantly to the background level with MK2206 or Rapamycin treatment. These results suggested
that the function of Akt/mTOR was also important in
the production of RIBE signaling induced by cytoplasts
targeting.

Role of Akt/mTOR in cytoplasts targetinginduced RIBE

Rapid activation of Akt/mTOR in a nucleusindependent manner

To ensure the role of Akt or mTOR in RIBE induced
by cytoplasts targeting, the specific inhibitors, MK-2206

The phosphorylated proteins of Akt and mTOR
in the targeted A549 cytoplasts were detected with

Figure 1: RIBE after X-ray irradiation. Relative MN yields in bystander A549 cells co-cultured with cells irradiated with 9 Gy X-ray

(in the transwell insert system). A. No drug treatment. B. Treating the irradiated cells with MK-2206 (an inhibitor of Akt). C. Treating the
irradiated cells with Rapamycin (an inhibitor of m-TOR). Data were pooled from at least three independent experiments and the results are
presented as means±S.D.
www.impactjournals.com/oncotarget
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Figure 2: Activation of Akt/mTOR in whole cells after X-ray irradiation. Time function of p-mTOR or p-Akt level in A549
cells irradiated with 9 Gy X-ray, revealed through western blot A. or immunofluorescence B. (blue: Hoechst; green: FITC). Data were
pooled from at least three independent experiments and the results are presented as means±S.D.
www.impactjournals.com/oncotarget
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A

Figure 3: Activation of Akt/mTOR in cytoplasm after X-ray irradiation. Time function of p-mTOR or p-Akt level after irradiation
of 9 Gy X-ray. A. In A549 cell cytoplasm lysis revealed through western blot. B. In A549 cytoplasts revealed through immunofluorescence
(blue: Hoechst; green: FITC). Data were pooled from at least three independent experiments and the results are presented as means±S.D.
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immunofluorescence. Similar to the observations after
X-ray irradiation, a significant increase of phosphorylated
Akt and mTOR was detected 10 min after proton
irradiation (Figure 6). These results suggested that proton
irradiation could also effectively activate Akt/mTOR in the
absence of a nucleus.

played an important role in the production of RIBE. Our
results (Figure 2, 3A) showed that inhibition of Akt/
mTOR blocked X-ray irradiating whole cells-induced
RIBE and the X-irradiation induced the activation of
Akt or mTOR in the cytoplasm of irradiated whole cells
with western blot/immunofluorescence. Further results
of immunofluorescence (shown in Figure 3B) suggested
that direct nucleus-independent activation of Akt/mTOR
by irradiation was possible since a distinct fluorescence
increase of p-Akt/p-mTOR was detected in the irradiated
cytoplasts. Results of targeting cytoplasts with microbeam
facility (Figure 4, 5, 6) further indicated that the activated
Akt/mTOR in the cytoplasts was very critical to the
production of RIBE signal(s).
Phosphorylation of Akt and mTOR were observed
rapidly at 10 min post irradiation in both cytoplasm (X-ray
irradiation) and enucleated A549 cells (proton targeting)
(Figure 2, 3 and 6). Treating only the irradiated whole
or enucleated cells with the inhibitors of Akt or mTOR
significantly reduced the MN yield in bystander cells
to the control levels (Figure 1 and 5), and these results

DISCUSSION
The role of the cytoplasm in the generation of
RIBE signal(s) has been investigated previously with a
charged particle microbeam facility [6, 7]. No significant
difference of RIBE intensity, assessed by MN or 53BP1
foci [6, 7], was observed between targeting the nucleus or
cytoplasm only, but RIBE peak intensity occurs at a later
time after cytoplasmic targeting [7]. Further mechanistic
studies revealed that metabolically active mitochondrial
function in directly irradiated cells plays an important
role [7]. In this work, we investigated the activation
and role of RIBE-related cytoplasmic signaling, and we
observed that the irradiation-activated Akt/mTOR pathway

Figure 4: RIBE after proton targeting. Relative MN yields in bystander A549 cells co-cultured with 2 or 20 protons targeted twenty

A549 cytoplasts or cytoplasm part of twenty A549 cells. Data were pooled from at least four independent experiments and the results are
presented as means±S.D.
www.impactjournals.com/oncotarget
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indicated that the Akt/mTOR pathway in irradiated cells
was critical to the generation of RIBE.
The Akt/mTOR pathway has been reported to be
activated by radiation, and inhibition of this pathway is a
novel radio-sensitizing therapeutic [17, 18]. Furthermore,
Ivanov et al. have reported the activation of the PI3KAkt pathway, stimulated by the IGF-1-Receptor kinase,
in both directly irradiated (with an α-particle dose of 50

cGy) and bystander fibroblasts [19]. Rapid activation of
Akt/mTOR in A549 cells by irradiation was reported by
Chen et al. They reveal that 5 Gy X- irradiation induce
rapid phosphorylation of Akt, peaking at 15 min post
irradiation, in A549 cells and the phosphorylated level
also decreases rapidly to background levels 60 min
after irradiation, and a similar trend is also observed in
radiation-induced phosphorylation of mTOR [20]. As well

Figure 5: Effect of inhibitors on cytoplasts targeting-induced bystander effect. Relative MN yields in bystander A549 cells
co-cultured with 20 protons targeted twenty A549 cytoplasts, which were treated with MK-2206 A. or rapamycin B. before irradiation. Data
were pooled from at least three independent experiments and the results are presented as means±S.D.

Figure 6: Activation of Akt/mTOR after proton targeting. Expression of p-Akt or p-mTOR in A549 cytoplasts at 10 min
after targeting by 20 protons, revealed through immunofluorescence (blue: Hoechst; green: FITC). Data were pooled from at least three
independent experiments and the results are presented as means±S.D.
www.impactjournals.com/oncotarget
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as ionizing radiation, it has also been reported that UVB
induces rapid transient phosphorylation of Akt (peaking
at 30 min after treatment) [21] and insulin treatment even
induces transient phosphorylation more rapidly (peaking
at 5 min after treatment and then dephosphorylated) [22].
Interestingly, Akt/mTOR-mediated RIBE signaling
showed a nucleus independent manner in the present work.
This was supported by the distinct increase of MN yield
in bystander cells when cytoplasts were targeted, while
the excessive MN yield was significantly suppressed by
treating the targeted cytoplasts with inhibitors of Akt/mTOR
(Figure 4 and 5). Nucleus-independent signaling has been
reported previously in the apoptosis induced by cisplatin,
which initiates cytoplasmic cdk2 to play a critical role in
apoptosis in enucleated mouse kidney proximal tubule cells
[23]. Althouth mTOR activation was consindered as a stress
response to DNA damage [24], mTOR, a central regulator
of cellular growth and metabolism, also has been reported
to be involved in the nucleus-independent cytoplasmic
signaling. Panaretakis et al. find that Interferon alphainduced apoptosis, via Bak and Bax and the mitochondrial
pathway, is mediated through activation of PI3K/mTOR,
extracellular signal-regulated kinase (ERK) and c-Jun
NH2-terminal kinase (JNK) in a nucleus-independent
manner based on the results from enucleated RHEK-1 cells
[25]. Marques et al. also showed that when skeletal muscle
and neural progenitor cells ceased dividing and progressd
in the cytoplast but not in the nucleus [26]. Our present
results indicated that the cytoplasmic signal pathway(s),
which were initiated by irradiation in de novo transcription
manner, was involved in the generation of RIBE signal(s).
Radiation-stimulated production of reactive oxygen
species (ROS) are also regarded as essential activators in
the generation of RIBE signals [6, 27]. Scavenging ROS
inhibiting bystander effect effectively has been reported
in many previous studies [1, 2, 28]. Lower production of
ROS after irradiation in mitochondrial DNA lacking ρ0 cells
compared with the normal cells is considered as one main
reason by which ρ0 cells irradiation doesn’t induce a bystander
effect [7–9]. In the present work, with the fluorescent probe,
we detected that the ROS production continued to increase
within 1 h after proton targeting of A549 cytoplasts even
although the nucleus was absent (Supplementary Figure 3).
Previous studies have reported that ROS production
stimulates or mediates the activation of Akt/mTOR signaling
in response to some stimuli [29–31]. Other studies show that
mTOR is necessary in regulating mitochrondiral functions
such as oxygen consumption and oxidative capacity [32, 33]
via targeting transcription factor yin-yang 1 [34]. Moreover,
signaling of the cell membrane, a more sensitive target of
radiation than cytoplasm, also has been proved to be involved
in RIBE transduction [6, 7, 35]. Bowers et al. report that
radiation activate epidermal growth factor (ERBB) family
receptors in the plasma membrane within 5-10 min post
irradiation [36], and ERBB receptors have been reported to
cause activation of Akt pathways via enhancing the activities
www.impactjournals.com/oncotarget

of RAS family transducer molecules [37]. It is well known
that Akt is phosphorylated by translocating and binding with
the membrane proteins PtdIns(3,4,5)P3 and PtdIns(3,4)P2,
which are produced by activated PI3K [38]. So further studies
should be performed to explore how proton targeting initiated
the Akt/mTOR activation and how about the relationship
between Akt/mTOR and the reported RIBE signaling.
As one manifestation of the non-targeted effects of
radiation, RIBE is considered to potentially increase the risk
of radiation especially in the low-dose range. RIBE induced
by cytoplasmic targeting with a microbeam confirms that the
cytoplasm is also an important target for genotoxic effects of
ionizing radiation. The risk of cytoplasmic traversal needs to
be assessed as the possibility of cytoplasmic only traversal
is higher than nuclear traversal after low dose radiation
especially environmental radon exposure [5–7, 39–42].
Although our study demonstrated the existence of radiation
activating Akt/mTOR pathway in nucleus independent
manner to mediate the production of RIBE signal(s), the
limited results could not clarify the relationship between
the nucleus-independent pathway(s) and nucleus associated
pathway(s) of RIBE. Further studies are needed to explore the
complex signaling pathways and organelles involved in the
cytoplasmic traversal-induced bystander effect.

MATERIALS AND METHODS
Cell culture
A549 cells, obtained from Cell Bank, Type Culture
Collection, Chinese Academy of Sciences (CBTCCCAS),
were cultured in high glucose DMEM medium (Thermo
Scientific Hyclone, Logan, UT, US) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Thermo Scientific
Hyclone, Logan, UT, US), 10 mg/mL streptomycin (Sigma,
St. Louis, MS, USA), and 100 IU/mL penicillin (Sigma,
St. Louis, MS, USA). The cells were maintained in a
humidified incubator under 5% CO2 at 37°C. The cell line
was authenticated by STR profile analysis and routinely
checked for contamination by mycoplasma using Hoechst
staining and consistently found to be negatively.

Enucleation of A549 cells
Briefly, after trypsinization, the A549 cell suspension
was centrifuged at 1000 rpm for 5 min. The harvested cells
were resuspended with the culture medium containing
cytochalasin B (Sigma, St. Louis, MS, USA) at a
concentration of 10 µg/mL and then incubated for 30 min
at 37°C. After this, the cells were resuspended with 1 ml
cooling DMEM medium with 50% Percoll (Sigma, St. Louis,
MS, USA) and the cell suspension was isopycnic gradiently
centrifuged at 14000 rpm for 70 min at 34°C. The cytoplasts
made from A549 cells were purified by resuspending with
cooling DMEM medium and centrifuged at 3000 rpm for
5 min at 10 °C twice. The final enucleated A549 cells were
18017
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resuspended with fresh culture medium and identified by
staining with Hoechst 33342 (10 µg/mL; Invitrogen, Eugene,
OR, USA) and CellTracker orange CMRA (5 µmol/L; Life
Technologies, Eugene, OR, USA) for 30 min at 37°C. With
this method, the fraction of cytoplasts was about 60%. The
viability of the cytoplasts was assessed with FDA (10 ng/mL;
Sigma, St. Louis, MS, USA). The fluorescent images were
captured with a fluorescent microscope (Leica DMI 4000B;
Wetzlar, German).

and then the cells were incubated for a further 48 h. After
incubation, the cells were fixed with 2% paraformaldehyde
for 30 min and stained with acridine orange (10 μg/mL,
Sigma, St. Louis, MS, USA). MN were scored in the
binucleated cells and classified according to standard criteria
under a fluorescent microscope (Leica DMI 4000B; Wetzlar,
German). The MN frequency was calculated as the ratio of
the number of MN to the scored number of binucleated cells
[11]. At least 1000 binucleated cells were counted.

X-ray irradiation

Western blot

The broad-beam irradiation was performed with
a 120 kVp X-ray machine (Kangmeng XSZ-220/20;
Dandong, China) at dose rate of 2.02 Gy/min (120 kV,
12.2 mA).

Total protein was extracted with RIPA (Beyotime
Biotechnology, Shanghai, China) and the concentration
was determined by a BCA protein assay kit (Beyotime
Biotechnology, Shanghai, China). The nuclear and cytosolic
proteins were extracted separately with a nuclear and
cytoplasmic protein extraction kit (Beyotime Biotechnology,
Shanghai, China) according to the manufacturer’s protocols.
Equal amounts of proteins (100 μg) were fractionated by 8%
or 10% SDS-PAGE and transferred onto PVDF membranes
(Millipore, Billerica, MA, USA). The membranes were
blotted with the primary antibodies rabbit monoclonal antihuman p-Akt (Thr 308; 1:1000; catalog No. 2965, clone
No. C31E5E, Cell Signaling, Boston, MA, USA), mouse
monoclonal anti-human Akt (1:1000; catalog No. 2920,
clone No. 40D4, Cell Signaling, Boston, MA, USA), rabbit
monoclonal anti-human p-mTOR (Ser 2448; 1:1000; catalog
No. 109268, clone No. EPR426(2), Abcam, Cambridge, UK),
mouse monoclonal anti-human mTOR (1:1000; catalog No.
4517, clone No. L27D4, Cell Signaling, Boston, MA, USA),
and mouse monoclonal anti-human β-actin (1:5000; catalog
No. 3700, clone No.8H10D10, Cell Signaling, Boston, MA,
USA) and mouse monoclonal anti-human Lamin B (1: 500;
catalog No. 374015, clone No.D0324 Santa Cruz, Paso
Robles, CA, USA), and then with the fluorescent secondary
antibodies (Alex Fluor® 790 goat anti-rabbit IgG, 1:10,000,
Catalog No. 111-655-144; Alex Fluor® 680 goat anti-mouse
IgG, 1:10,000, Catalog No. 115-625-146; LI-COR, Lincoln,
NE, USA). The membranes were detected and analyzed
with an Odyssey® CLx Infrared Imaging System (LI-COR,
Lincoln, NE, USA).

Microbeam irradiation
The microbeam facility at CAS-LIBB was used
for this study [16]. The irradiated cells/cytoplasts were
stained with Hoechst 33342 (10 µg/mL; Invitrogen,
Eugene, OR, USA) and CellTracker orange CMRA (5
µmol/L; Life Technologies, Eugene, OR, USA), and the
bystander cells were not stained. About 1,000 fluorescent
A549 cells/cytoplasts were seeded in the central area (5
mm in diameter) of a specially designed microbeam dish
consisting of a 3.5 μm-thick polypropylene film base
(Collaborative Biomedical Products, Bedford, MA, USA)
(Supplementary Figure 1). The regions prepared for cell
seeding had been pretreated with 3.5 μg/cm2 Cell-Tak
adhesive (BD, Bedford, MA, USA) [1, 2].
The positions of each CellTracker orange-stained
cell cytoplasm or Hoechst-stained nucleus were found
by using the computerized imaging system of CASLIBB microbeam facility [16], and their coordinates
were stored to be revisited and irradiated automatically.
For cytoplasmic irradiation of whole A549 cells, 20
randomly selected cells within the irradiated population
were traversed individually at a single location through
their cytoplasm with 2 or 20 protons (3.0 MeV) at least
5 μm from the nucleus [16]. Alternatively, for enucleated
cells irradiation, the randomly selected 20 cytoplasts were
individually traversed with 2 or 20 protons through the
center of each cytoplast. The irradiation was performed at
~2 h after cytoplasts attaching on the polypropylene film.
In some experiments, the chemical inhibitors were used
to treated the cytoplasts in the central area for 1 h, washing
with basic medium for three times, and then the bystander
cells were seeded in the bystander areas of microbeam dish.

Immunofluorescence
After fixing with methanol/acetone [3:7 (v/v)] for 5
min at -20 °C and washing with PBS for three times, the cells
were blocked with PBS+solution(PBS supplemented with 1%
BSA) for 30 min at room temperature. The cells were then
incubated with rabbit anti-p-Akt (Thr 308; 1:1600; catalog
No. 2965, clone No. C31E5E, Cell Signaling, Boston, MA,
USA) or rabbit anti-p-mTOR (Ser 2448; 1:100; catalog No.
109268, clone No. EPR426(2), Abcam, Cambridge, UK) at
4°C overnight, washed with PBST (PBS supplemented with
0.05% Tween-20) for 3×15 min, and then incubated in PBS+
containing secondary goat anti-rabbit IgG-FITC (1:100;
catalog No. sc-2012, Santa Cruz, Paso Robles, CA, USA,)

MN scoring
The cytokinesis block technique was used to assay
MN in situ [11][Fenech, 2000 #486]. At 1 h after irradiation,
cytochalasin B (Sigma, St. Louis, MS, USA) was added into
the culture medium at a final concentration of 1.5 µg/mL,
www.impactjournals.com/oncotarget
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for a further 60 min at room temperature. After another wash
with PBST for 3×15 min, the cells were counterstained with
Hoechst 33342 (10 μg/mL; Invitrogen, Eugene, OR, USA)
for 20 min at room temperature. After a final wash with
PBST, the samples were mounted with a drop of mounting
medium (BioRad, Hercules, CA, USA), sealed with nail
polish, and the fluorescent images of at least 100 cells were
captured with a fluorescent microscope (Leica DMI 4000B;
Wetzlar, German). The intensity of fluorescence was analyzed
with the free software Image J.
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