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ABSTRACT
Cellular effects of ionizing radiation include oxidative damage to macromolecules, unfolded protein
response (UPR) and metabolic imbalances. Oxidative stress and UPR have been shown to induce macro-
autophagy/autophagy in a context-dependent manner and are crucial factors in determining the fate of
irradiated cells. However, an in-depth analysis of the relationship between radiation-induced damage and
autophagy has not been explored. In the present study, we investigated the relationship between radiation-
induced oxidative stress, UPR and autophagy in murine macrophage cells. A close association was observed
between radiation-induced oxidative burst, UPR and induction of autophagy, with the possible involvement
of EIF2AK3/PERK (eukaryotic translation initiation factor 2 alpha kinase 3) and ERN1/IRE1 (endoplasmic
reticulum [ER] to nucleus signaling 1). Inhibitors of either UPR or autophagy reduced the cell survival
indicating the importance of these processes after radiation exposure. Moreover, modulation of autophagy
affected lethality in the whole body irradiated C57BL/6mouse. These findings indicate that radiation-induced
autophagy is a pro-survival response initiated by oxidative stress and mediated by EIF2AK3 and ERN1.

Abbreviations: ACTB: actin, beta; ATF6: activating transcription factor 6; ATG: autophagy-related; BafA1:
bafilomycin A1; CQ: chloroquine; DBSA: 3,5-dibromosalicylaldehyde; EIF2AK3: eukaryotic translation
initiation factor 2 alpha kinase 3; ERN1: endoplasmic reticulum (ER) to nucleus signaling 1; IR: ionizing
radiation; MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; 3-MA: 3-methyladenine; MTOR:
mechanistic target of rapamycin kinase; NAC: N-acetyl-L-cysteine; PARP1: poly (ADP-ribose) polymerase
family, member 1; 4-PBA: 4-phenylbutyrate; Rap: rapamycin; ROS: reactive oxygen species; UPR: unfolded
protein response; XBP1: x-box binding protein 1

ARTICLE HISTORY
Received 11 March 2018
Revised 22 January 2019
Accepted 29 January 2019

KEYWORDS
Autophagy; EIF2AK3/PERK;
ER stress; ERN1/IRE1;
oxidative stress; radiation
exposure

Introduction

Accumulating evidence suggests that acute exposure to ionis-
ing radiation, mainly low-linear energy transfer/LET causes
macromolecular damage as well as reduced mitochondrial
potential, leading to the generation of reactive oxygen species
(ROS) and reactive nitrogen species. These events finally lead
to activation of different signaling pathways including apop-
tosis, cell-growth and autophagic induction [1–4].

Autophagy is an evolutionarily conserved, lysosome-mediated
degradation process. It helps in maintaining cellular homoeostasis
upon various cellular traumas [5–10]. During macroautophagy
(hereafter autophagy), a unique double-membrane autophago-
some is formed, which engulfs cytoplasmic cargos and fuses
with the lysosome to facilitate degradation of the sequestered
cargo [11]. The core proteins involved in autophagosome forma-
tion are known as autophagy-related (ATG) proteins [12,13].

Radiation exposure causes macromolecular damage both by
direct interaction and indirectly through the generation of reactive
oxygen/nitrogen species [6]. Radiation-induced damage involves
ROS generation leading to oxidative stress. In turn, oxidative
stress may lead to various imbalances in the cell, including DNA

damage, compromized mitochondrial functioning, protein mis-
folding, etc. In contrast to other stresses, autophagy induction
following exposure of cells to radiation has received little attention
[6–10]. Although, various studies have shown the induction of
autophagy during radiation exposure, an in-depth analysis of the
relationship has not been explored [14–19]. Recently, increasing
doses of radiation have been shown to induce acidic vacuole
formation, suggesting autophagy induction [4,6,20]. Autophagy
affects the survival of various cancer types when exposed to
radiation [17–19,21]. The endoplasmic reticulum (ER) is
a crucial intracellular Ca2+ reservoir that serves as a platform for
numerous cellular processes including translation, post-
translational modification and proper folding. The ER is also the
starting point for sorting and trafficking of proteins and lipids to
various organelles and the cell surface. During ER stress, newly
synthesized proteins are unable to fold properly, leading to
a process collectively known as the unfolded protein response
(UPR) [22]. During the UPR, protein synthesis shuts down until
removal of all unfolded proteins from the cell system. It has been
well established that stress-induced ROS formation causes indirect
macromolecular damage (to DNA, proteins and lipids) [23,24]. It
also elicits an activation signal to boost the cytosolic calcium load
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released from ER [7]. ROS generation thus causes activation of ER
stress leading to the induction of UPR [25–27]. Although studies
have shown a correlation between radiation, UPR and autophagy,
the mechanisms are not very clear [2,3,14,15,28]. Therefore, it is
considered worthwhile to study the possible association between
ROS, ER stress and autophagy following irradiation.

Because radiation-induced macromolecular damage is
associated with ROS generation, we hypothesized that autop-
hagy is induced to recycle damaged macromolecules (cargos)
thereby protecting the cell against the radiation stress.
Macrophages serve as an important line of defense under
most of the stress conditions in our body. Therefore, in the
present study, we have investigated the induction of autop-
hagy following irradiation in murine macrophage cell line
(RAW 264.7) as well as peritoneal macrophages ex vivo. Our
results demonstrate a dose- and time-dependent induction of
autophagy following radiation exposure, which was ROS-
dependent and preceded by UPR, specifically through the
activation of EIF2AK3/PERK (eukaryotic translation initiation
factor 2 alpha kinase 3) and ERN1/IRE1 (endoplasmic reticu-
lum [ER] to nucleus signaling 1) UPR pathways. Further, the
induced autophagy facilitated the survival of irradiated cells
by attenuating apoptotic cell death.

Results

Radiation induces autophagy in RAW 264.7 cells

Autophagy has been suggested to play a pro-survival role under
various stress conditions [29–33]. To investigate the role of
autophagy in radiation-induced cellular stress and cell death;
we first determined dose-dependent lethality of RAW 264.7
cells exposed to IR (0 to 10 Gy) by analyzing growth inhibition.
The LD50 was found to be approximately 2.5 Gy in these cells
(Figure 1(a)). Unless specified otherwise, all further investiga-
tions to understand the relationship between radiation-induced
cell death and autophagy were carried at an absorbed radiation
dose of 2.5 Gy, 12 or 24 h post-irradiation. A time-dependent
growth inhibition (relative cell number at 24 h after irradiation)
was accompanied by loss of cell as well as metabolic viability, and
a significant loss of clonogenic survival at 2.5 Gy (Figures 1(b)
and S1), clearly suggesting cell death. Next, we examined the
induction of cell death by analyzing phosphatidyl externalization
using multi-parametric flow cytometry with ANXA5/annexin
V and propidium iodide (PI; apoptosis), as well as uptake of PI
(necroptosis) (Figure 1(c), upper left and right panel, respec-
tively) and found 30% to 40% increase in ANXA5- and PI-
positive cells (apoptosis and necroptosis) at 12 and 24 h post-
irradiation. Radiation-induced apoptosis was confirmed by the
enhanced CASP3 (caspase 3) cleavage (Figure 1(c), lower panel).

To understand the role of autophagy under radiation
stress, we examined its status and functional relevance in
irradiated RAW 264.7 cells by comparing the level of the
autophagosomal membrane-bound form of MAP1LC3A/B
(microtubule-associated protein 1 light chain 3 alpha/beta
(referred to hereafter as LC3-II) relative to ACTB (actin,
beta) [34]. A dose-dependent increase in autophagy levels
was observed in irradiated cells, which correlated well with
a significant decrease in the autophagy substrate SQSTM1/p62

(sequestosome 1) with increasing dose of radiation suggesting
the induction of autophagy (Figure 1(d)). Further, the kinetics
of autophagy induction was studied by harvesting irradiated
RAW 264.7 cells at different times post-exposure. The levels of
LC3-II peaked at approximately 12 h post-irradiation and
stabilized after that (Figure 1(e)). The autophagic flux was
studied using the lysosomal proton-pump inhibitor bafilomy-
cin A1 (BafA1), which further confirmed radiation-induced
autophagy in these cells (Figure 1(f)). Cells of human origin
(U2OS, human osteosarcoma) also exhibited a similar
response after radiation exposure (Figure S2). Furthermore,
we quantified the number of LC3 puncta post-irradiation in
RAW 264.7 cells transiently transfected with a pEGFP-LC3
plasmid, 12 h post-irradiation, and observed a nearly 4–5 fold
increase in EGFP-LC3 puncta formation as compared to non-
irradiated control cells (Figure 1(g)). This observation was
complemented by transmission electron microscopy quantifi-
cations, where significantly more autophagic vacuoles (autop-
hagosomes) were observed 12 h post-irradiation (Figure 1(h)).
Taken together, these results indicate the induction of autop-
hagy as well as apoptosis in irradiated cells.

Radiation-induced autophagy is ROS dependent

Generation of reactive oxygen species (ROS) has been linked
with the autophagy regulation [1,2,35], and we, therefore, inves-
tigated whether radiation-induced autophagy in RAW264.7 cells
is ROS dependent. The kinetics of radiation-induced ROS was
studied using flow cytometric analysis of DCFDA fluorescence
and showed an initial burst immediately after irradiation
(marked as 0 h) followed by a delayed ROS at approximately
12 h (Figure 2(a)). To scavenge radiation-induced ROS produc-
tion, we determined the optimum dose of the antioxidant
N-acetylcysteine (NAC) in RAW 264.7 cells (Figure S3). ROS
production was significantly abolished by incubation with
30 mM freshly prepared NAC (pH 7.4) for 1 h prior to irradia-
tion (Figure 2(b)). NAC treatment also attenuated irradiation-
induced autophagy, as suggested by a decrease in the levels of
lipidated LC3, indicating oxidative stress to be upstream of
autophagy induction (Figure 2(c)). Interestingly, we also
observed a reduction in the levels of LC3-I along with a decline
in LC3-II in NAC treated cells post exposure. The drug alone
group have also shown some reduction in LC3 lipidation prob-
ably due to the effect of these drugs on the basal levels of
autophagy (Figure S4, upper panel). Taken together, these results
suggest that radiation-induced ROS is involved in the induction
of autophagy in RAW 264.7 cells.

Radiation-induced autophagy induction is mediated
through ER stress (the UPR)

Since ER signaling is one of the major processes involved in
regulation of autophagy, we hypothesized that ER stress might
play an important role in radiation-induced autophagy [36–38].
We explored the induction profile of the classical UPR marker,
HSPA5/GRP78 (heat shock protein 5), post-irradiation and
observed a time-dependent induction (Figure 3(a)), which
resembled the pattern of LC3 lipidation (Figure 1(e)) and
oxidative burst (Figure 2(a)).
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Figure 1. Radiation induces autophagy in RAW 264.7 cells. (a) RAW 264.7 cells were exposed to different doses of IR ranging from 0 to 10 Gy, 24 h post-irradiation cells were
counted, and relative growth was calculated with respect to unirradiated control cells. The graph represents growth of irradiated cells relative to unirradiated control. LD50 of
these cells was found to be 2.5 Gy. Data is representative of 3 independent experiments. (b) RAW 264.7 cells were exposed to 2.5 Gy IR and processed for growth inhibition
kinetics, cell viability and metabolic viability. Cells were counted for growth inhibition or processed by sulphorhodamine-B (SRB) or MTT for cell and metabolic viability
respectively after 12 and 24 h. For the clonogenic assay, cells were exposed to 2.5 Gy radiation andwere incubated at 37°C to form colonies. Upper left, and right panel represents
growth inhibition and cell viability (by SRB assay) whereas lower left and right panel represent metabolic viability and clonogenicity. (c) Upper left panel: A bar graph showing
results fromANXA5-PI assay in irradiated vs normal cells. Upper right panel: A bar graph showingmean fluorescence intensity of propidium iodide uptake in irradiated samples as
compared to unirradiated control cells using flow cytometry at 12 and 24 h post-IR exposure. Lower Panel: Western blot analysis of cell lysate obtained at 12 and 24 h post-
irradiation. Blotswere probedwith intrinsic apoptosismarker, cleaved CASP3, GAPDHwas used as loading control. (d) Lysates from RAW264.7 cells exposed to increasing IR doses
ranging from 0–7.5 Gy were resolved by SDS-PAGE and blotted onto PVDF membranes, followed by immunoblotting with LC3- and SQSTM1-specific antibodies. Each blot is
representative of 3 independent experiments. The graphs show quantitation of band intensities (relative to ACTB) from3 independent experiments. (e) The kinetics of autophagy
induction in RAW 264.7 cells was explored by Western blot analysis of LC3-II levels (relative to ACTB) in whole cell lysates. The graph shows quantification of band intensities
(relative to ACTB) from3 independent experiments. (f) In order to study autophagic flux, cells were irradiated, and BafA1 (100 nM)was added 2 h before harvesting. Sampleswere
analyzed after 12 and 24 h. The graph shows quantification of band intensities (relative to ACTB) from 3 independent experiments. (g) EGFP-LC3 puncta were analyzed through
confocal microscopy (63X magnification) in irradiated RAW 264.7 cells. Briefly, after 24 h post-transfection with pEGFP-LC3, RAW 264.7 cells were treated with 2.5 Gy ionizing
radiation and images were captured 12 h post-irradiation. Puncta were counted using ImageJ from at least 3 fields per experiment. Arrows indicate puncta post-irradiation. Also,
the difference in morphology of irradiated cells can be seen in the represented image. The graph on the right represents EGFP-LC3-positive puncta per cell after radiation
exposure as compared to control (**P < 0.01, IR vs control). (h) Electron microscopy-based detection of autophagosome in RAW 264.7 cells. Electron micrographs of control and
radiation-exposed cells were taken at 12 h post-irradiation. Arrowhead in the representative micrograph shows the autophagosome. Autophagosomes were counted manually
from at least 3 fields per experiment. The graph on the right represents an average number of autophagosomes/cell after radiation exposure as compared to control (*P < 0.05, IR
vs control). Molecular mass is represented by kDa (kilodalton).
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Available evidence suggests a link between oxidative stress
and ER stress [27,39–41]. To examine the relationship between
radiation-induced ROS and UPR, we suppressed ROS with
freshly prepared NAC and monitored the levels of HSPA5.
NAC significantly reduced the levels of HSPA5 suggesting
that radiation-induced UPR is ROS-dependent (Figure 3(b)).

In order to find out whether radiation-induced autophagy
is UPR dependent, we suppressed UPR with its inhibitor
4-phenylbutyrate (4-PBA) and found a significant reduction
in HSPA5 (Figure 3(c)). Reduction in the levels of radiation-
induced LC3-II (more significant 12 h post-irradiation) in
PBA-treated cells (Figure 3(d)), strongly suggests that the
irradiation-induced autophagy is indeed UPR dependent and
is linked to ROS. Decreased LC3 lipidation in cells treated
with drug alone indicates the effect of these drugs on the basal
levels of autophagy (Figure S4).

EIF2AK3 and ERN1 gets activated after radiation
exposure and lead to autophagy induction

UPR is mediated by 3 major signaling pathways, namely
ERN1, EIF2AK3 and ATF6 [22,25,27,35]. All these pathways
have also been found to play a role in the induction of
autophagy during diverse stress conditions [36,42].

However, specific UPR pathways activated in radiation-
exposed condition are not well known. The UPR levels
(HSPA5) started building post-radiation quickly, with
p-EIF2AK3 being specifically activated very rapidly after
irradiation (0 h) (Figure 4(a)). Furthermore, proteins like
SQSTM1 and LC3 were also altered immediately after irra-
diation suggesting the possibility of p-EIF2AK3 mediated
UPR linked to autophagy induction (Figure S5). As com-
pared to early time points, the levels of both phosphorylated
EIF2AK3 and ERN1 were elevated at 12 and 24 h post-IR
exposure, while ATF6 remained unaltered, suggesting that
EIF2AK3 and ERN1 are the major ER stress pathways
involved in the activation of radiation-induced autophagy
(Figure 4(b)).

To examine the role of the EIF2AK3 pathway in radiation-
induced autophagy in RAW 264.7 cells, we used GSK2606414,
a specific pharmacological inhibitor of EIF2AK3 phosphoryla-
tion [43], and investigated the levels of autophagy. Reduction in
the levels of p-EIF2AK3 in irradiated cells treated with
GSK2606414 was accompanied by a significant decrease in
the levels of LC3-II, indicating the involvement of EIF2AK3
signaling in radiation-induced autophagy (Figure 4(c)). To
investigate the role of ERN1 in radiation-induced autophagy,
we used 3,5-dibromosalicylaldehyde (an inhibitor of ERN1

Figure 2. Radiation induces oxidative stress in RAW 264.7 cells. (a) Kinetics of radiation-induced oxidative stress in RAW 264.7 cells. The line graph shows relative fold
change in fluorescence intensity for intracellular ROS production with respect to non-irradiated control cells after DCFDA staining (10 µM) in response to radiation
exposure (2.5 Gy). *P < 0.05, at 0 h and **P < 0.01, at the 12 h post-IR respectively. (b) Effect of ROS scavenger NAC (freshly prepared, given 1 h prior irradiation) on
the IR-induced oxidative burst. The values shown are relative to unirradiated control (considered as zero). The 0 h time point represents samples processed
immediately after radiation. (c) Radiation-induced changes in autophagy levels are ROS-dependent. Immunoblots of total protein lysates from control, IR and NAC+IR
samples harvested at 12 h or 24 h post-irradiation and probed with the indicated specific antibodies. For LC3 blotting, Sigma-Aldrich, L7543 was used. Each blot is
representative of 3 independent experiments. The graph shows quantitation of band intensities (relative to ACTB) from 3 independent experiments.
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endoribonuclease activity) [44,45]. A significant decrease in
spliced XBP1 protein coupled with a reduction in the levels
of LC3-II in irradiated cells strongly suggested that ERN1 was
also involved in radiation-induced autophagy (Figure 4(d)).
Taken together, these observations advocate that the radiation-
induced autophagy is mediated through ER stress and is spe-
cifically dependent upon EIF2AK3 and ERN1 pathways.

Radiation-induced UPR mediated autophagy is
pro-survival and anti-apoptotic

After establishing the induction of autophagy post-irradiation,
we investigated its role in determining cell fate. The cellular
and metabolic viability of irradiated RAW 264.7 cells were
analyzed with the SRB and MTT assays, respectively, in the
presence of autophagy inhibitors 3-MA (phosphatidylinositol
3-kinase [PtdIns3K] inhibitor, blocks the early steps of autop-
hagy) and BafA1, late autophagy inhibitor (vacuolar-type H+-
ATPase inhibitor; blocks lysosomal degradation) [34]. Both,

cell and metabolic viability of irradiated cells (examined via
SRB and MTT assay respectively) were significantly reduced
in the presence of these autophagy inhibitors (Figure 5(a,b)).
As expected, both the inhibitors significantly reduced the
clonogenic survival of irradiated cells (Figure 5(c)), whereas
rapamycin (autophagy inducer) enhanced the clonogenic sur-
vival (Figure 5(d)). Cell death induced by some of the drugs
used may be attributed to the blockage of the basal levels of
autophagy.

Next, we sought to clarify if the pro-survival role of
autophagy is a consequence of the inhibition of radiation-
induced apoptosis and necroptosis. Increase in PI uptake
(suggestive of necroptosis, Figure 5(e), left panel), as
well as the levels of cleaved PARP1 (poly [ADP-ribose]
polymerase family, member 1) and cleaved CASP3 (apopto-
sis; Figure 5(e), right panel), indicate that loss of
clonogenic survival following irradiation is indeed linked
to apoptosis and necroptosis. Importantly, suppression
of autophagy using siRNA against Atg7 and Ulk1 (both

Figure 3. Radiation induces ER stress in RAW 264.7 cells. (a) Kinetics of UPR induction after radiation exposure was studied through the expression profile of the UPR
marker, HSPA5. The experiment was performed at least 3 independent times. The graph shows quantification of band intensities (relative to ACTB) from 3
independent experiments. (b) Immunoblots of total protein isolated from control, IR and NAC+IR samples at 12 or 24 h post-irradiation for analysing HSPA5
expression. NAC treatment was given 1 h prior to radiation followed by IR exposure. Blots were probed with the indicated specific antibodies. Each blot is
representative of 3 independent experiments. The graph shows quantification of band intensities (relative to GAPDH) from 3 independent experiments. (c) Western
blot analysis of UPR marker HSPA5 in cell lysate obtained from RAW 264.7 cells irradiated in the presence of the UPR inhibitor 4-PBA (3.5 mM). The data shown are
representative of at least 3 separate experiments. The graph shows quantification of band intensities (relative to GAPDH) from 3 independent experiments. (d) LC3
levels were analyzed in the samples treated with 4-PBA. The graph shows quantification of band intensities (relative to ACTB) from 3 independent experiments.
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important for autophagosome biogenesis [46–50])
(Figure 5(f)), compromized the cell viability (Figure 5(g)),
showing that autophagy can rescue the cells from radiation-
induced lethality. The effectiveness of siRNA was confirmed
by LC3B lipidation analysis under both starvation and radia-
tion exposure conditions (Figure 5(f)). Furthermore, the
autophagic flux in the presence of Atg7 siRNA was con-
firmed using BafA1 in irradiated cells. A significant increase
in LC3-II was observed in the presence of BafA1 confirming
that autophagic flux is induced during irradiation. This is
not the case in cells depleted of ATG7, showing the autop-
hagy-specific effect of irradiation (Figure 5(f), right panel).
These observations lend further support to our proposition
that radiation-induced autophagy is pro-survival and anti-
apoptotic in nature.

Pro-survival nature of radiation-induced autophagy is
ROS and UPR dependent

To further investigate whether the radiation-induced pro-
survival role of autophagy is ROS-dependent and UPR
mediated, irradiated RAW 264.7 cells pre-treated with freshly
prepared NAC or 4-PBA were analyzed for clonogenic survi-
val. Both NAC and PBA significantly reduced the clonogeni-
city post-irradiation (Figure 6(a,b) respectively). Also, the
levels of cleaved PARP1 were enhanced in the presence of
these drugs after radiation (Figure 6(c,d)) indicating that
blocking ROS or ER stress which reduces autophagy induc-
tion (Figures 2(c) and 3(d)), lead to enhanced apoptosis,
which was supported by ANXA5-PI assay as well as the
DNA ladder observed under these conditions (Figures 6(e)

Figure 4. Radiation-induced activation profile of specific UPR pathways. (a) Immunoblot analysis of radiation-induced changes in specific UPR branch proteins at the early time
point (0–1 h post-irradiation); blots were probed with HSPA5, ERN1, ATF6, p-EIF2AK3 and total EIF2AK3 specific antibodies. The time point of 0 h was taken immediately after
radiation. (b) Western blot analysis of ERN1, ATF6 and p-EIF2AK3 levels at 12 and 24 h post-irradiation. (c) Immunoblot analysis of radiation-induced changes in EIF2AK3
phosphorylation and autophagy levels (LC3-II), in the presence of the EIF2AK3 inhibitor GSK2606414 at 12 and 24 h post-irradiation. The graph shows quantification of band
intensities (relative to ACTB). (d) Immunoblot analysis of radiation-induced changes in the cleavage of XBP1 and autophagy levels (LC3-II), in the presence of the ERN1 inhibitor
DBSA at 12 and 24 h post-irradiation. The graph shows quantification of band intensities (relative to ACTB) from 3 independent experiments.
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Figure 5. Radiation-induced autophagy is pro-survival and anti-apoptotic. (a) Cells were irradiated in the presence of the autophagy inhibitor, 3-MA (0.5 mM). SRB data (cell
viability, shown in upper graph, *P < 0.05, ***P < 0.001, at 12 and 24 h post-irradiation respectively) andMTT data (metabolic viability, shown in lower graph, *P < 0.05, at 12 and
24 h post-irradiation respectively) at 12 and 24 h post-irradiation shows the reduced viability of RAW 264.7 cells. (b) Cells were irradiated in the presence of the autophagy
inhibitor, BafA1 (2.5 nM). Shown in the upper graph is cell viability (SRB) in the presence of BafA1 (*P < 0.05, ***P < 0.001, at 12 and 24 h post-irradiation respectively) whereas in
the lower graph, metabolic viability in the presence of BafA1 is shown (**P < 0.01, at 12 and 24 h post-irradiation respectively). (c) The clonogenic assay was performed to study
the cell survival in the presence of 3-MA and BafA1. The bar graph shows the survival fraction of cells irradiated in the presence of 3-MA (upper panel) or BafA1 (lower panel).
(**P < 0.01, *P < 0.05, for 3-MA+IR vs IR and BafA1+ IR vs IR, respectively). (d) Cell survival studies in the presence of the autophagy inducer rapamycin. The clonogenic assay was
performed in the presence of 25 nM rapamycin. The bar graph shows the survival percentage of cells treated with rapamycin in the absence or presence of radiation. (e) Left
panel: A bar graph showing mean fluorescence intensity of propidium iodide uptake in irradiated samples in the presence of BafA1 as compared to unirradiated control cells
using flow cytometry at 12 and 24 hpost-IR exposure. ***P< 0.001, *P< 0.05, at 12 and 24 hpost-irradiation respectively. Right panel:Western blot analysis of cell lysate obtained
at 12 and 24 h post-irradiation from BafA1+ IR treated cells. Blots were probedwith intrinsic apoptosis markers, cleaved PARP1 and cleaved CASP3; GAPDHwas used as a loading
control. (f) Effect of Atg7 and Ulk1 siRNA on the levels of autophagy. Cells were reverse transfected with Atg7- and Ulk1-specific siRNAs (50 nM) and incubated for 24 h. Next, cells
were either starved for 3 h or exposed to radiation, harvested after 24 h and immunoblotted with specific antibodies against ATG7, ULK1 and LC3. The effect of si-Atg7 on
autophagic flux was further studied in the presence of BafA1. (g) Effect of genetic downregulation of autophagy on cell viability. Cells were reverse transfected with si-Atg7 and
Ulk1 and incubated for 24 h. Next, cells were either starved for 3 h or kept in complete medium and exposed to 2.5 Gy radiation. After 24 h post-irradiation, SRB assay was
performed to study cell viability. *P < 0.05, for IR vs si-Atg7, Strv.+IR vs si-Atg7+ IR+Strv., *P < 0.05 IR vs si-Ulk1+ IR and ***P < 0.001 Strv.+IR vs si-Ulk1+ IR+Strv. respectively. Strv.,
starvation.
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and S6 respectively). The possibility of cell death induced due
to the other off-target effects of these drugs can't be excluded.
Taken together, these results further strengthen the notion
that radiation-induced autophagy is ROS and UPR

dependent. In addition, our data show that blocking either
ROS or UPR may not be sufficient to reduce the radiation-
induced cell death in RAW cells indicating autophagic induc-
tion as obligatory for cell survival in these conditions.

Figure 6. The pro-survival nature of radiation-induced autophagy is ROS and UPR dependent. (a) The clonogenic assay was performed after exposing cells to
radiation in the presence of the ROS quencher NAC. The graph represents percent survival after irradiation compared to control. **P < 0.01, for IR and NAC-treated
radiation control. (b) The clonogenic assay was performed after exposing cells to radiation in the presence of 4-PBA. The graph represents percent survival after
irradiation compared to control. **P < 0.01, for IR and PBA-treated radiation control. (c) Western blot of cell lysates obtained 12 and 24 h post-irradiation from NAC
alone, and NAC+IR treated cells was performed for the apoptotic marker, cleaved PARP1. Each blot is representative of 3 independent experiments. The graph shows
quantitation of band intensities (relative to GAPDH) from 3 independent experiments. (d) Immunoblotting of PBA and PBA+IR treated samples at 12 and 24 h post-
irradiation was performed to study apoptosis after ER stress inhibition. Each blot is representative of 3 independent experiments. The graph shows quantitation of
band intensities (relative to GAPDH) from 3 independent experiments. (e) Apoptosis was analyzed using ANXA5/annexin V-PI staining followed by flow cytometry in
RAW 264.7 cells treated with ROS and UPR inhibitors, NAC and PBA respectively. Numbers under each cytogram represents total apoptosis (early+late). The same has
been represented by bar graph in the right panel. The experiment was performed in triplicates, and the values are represented with SD.
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Autophagy activation provides a survival advantage to
the irradiated animals

In order to investigate the in-vivo relevance of our in-vitro
findings, we studied the effects of modulators of autophagy
on the survival of whole body irradiated C57BL/6 female mice
at an absorbed dose of 8 Gy, which is the LD50 dose for the
animals used. The MTOR inhibitor and autophagy inducer
rapamycin (Rap) provided the survival advantage in radiation-
exposed animals (Figure 7(a)), whereas the autophagy inhibitor
chloroquine (CQ) reduced animal survival (Figure 7(b)).
Changes in the body weight, as well as splenic weight, also
complemented the observations on animal survival under these
conditions (Table S1 and Figure S7). The induction of autop-
hagy in these animals was confirmed at the cellular level by
reduced expression of SQSTM1 in peritoneal macrophages of
mice irradiated in the presence of rapamycin (Figures S7 and
7(c)). Further, we also noted reduced levels of apoptosis
(cleaved CASP3) in rapamycin-treated animals (Figure 7(c),
upper panel). In contrast, there was accumulation in the levels
of SQSTM1 in animals irradiated in the presence of chloro-
quine as compared to those exposed to radiation alone. As
expected, this was accompanied by an increase in the levels of
cleaved CASP3 (Figure 7(c), lower panel). Taken together,
these results indicate a pro-survival role of radiation-induced
autophagy both in vitro and in vivo.

Discussion

In this study, we have shown that radiation induces ROS
dependent autophagy in macrophages through UPR activation.
Specific inhibition of EIF2AK3 and ERN1 pathways blocked
autophagy, suggesting them as the key players for radiation-
induced autophagy activation. Furthermore, the induction of
autophagy resulted in a decline in cell death in both cellular as
well as animal model system (summarised in Figure 8).

Ionizing radiation generates ROS and reactive nitrogen species
(causing oxidative stress) causing macromolecular damage in the
form of protein nitration, carbonylation and lipid peroxidation,
besides many oxidative products of DNA [1–3,23,35,38].
Accumulation of these macromolecular lesions results in cell
death, while proper recycling is essential for cell survival. It has
been well established that radiation-induced ROS generation
causes activation of unfolded protein response (UPR) and ER
stress [5,7,24,25]. Autophagy is activated during oxidative stress
as well as endoplasmic reticulum stress and may be both protec-
tive and detrimental following radiation exposure [5,14,15,21,28].
Cancer cells are known to activate pro-survival autophagy to
develop resistance against chemo or radiotherapy [51]. In line
with this, the radiation-induced autophagy in macrophages was
found to be pro-survival in nature (MTT, SRB and clonogenicity
data). Apoptosis is one of the major cell death pathways activated
post-irradiation, initiated by the accumulation of various types of
macromolecular as well as organelle damages caused mainly by
oxidative stress [51,52]. The survival advantage provided by radia-
tion-induced autophagy may stem from the efficient recycling of
damaged mitochondria preventing CYCS (cytochrome c,
somatic) release (mitophagy), or due to the degradation of pro-
apoptotic protein complexes [53]. It will be interesting to

understand the role of selective autophagy, e.g. mitophagy, lipo-
phagy, ribophagy, aggrephagy etc. after radiation-induced stress
conditions [54].

ROS and ER stress are associated events induced by many
cytotoxic agents including ionizing radiation. During stress,
unfolded proteins accumulate in the ER, leading to the activa-
tion of distinct ER stress sensors and elevation in the levels of
HSPA5. Endoplasmic reticulum stress has been shown to
mediate radiation-induced autophagy by EIF2AK3-EIF2S1/
eIF2alpha (eukaryotic translation initiation factor 2, subunit
1 alpha) in CASP3- and CASP7-deficient MCF-7 breast can-
cer cells [15]. Notably, the time-dependent UPR induction
(HSPA5 levels) correlated well with the secondary ROS as
well as autophagy, which was attenuated by NAC, suggesting
that ROS generation is an earlier event to ER stress and the
radiation-induced UPR is ROS dependent. Reduction in the
levels of LC3-II in the presence of 4-PBA (4-phenylbutyrate,
a chemical chaperone and ER stress inhibitor) lent further
support to the notion that radiation-induced autophagy is
UPR dependent. Interestingly, NAC also reduced the levels
of LC3-I, suggesting a possible effect of NAC on LC3 tran-
scription and requires further investigations to understand its
impact on the sustenance of autophagy. The activation of
EIF2AK3 pathway is crucial for autophagic flux either
through upregulation of ATG12 resulting in more LC3-II
formation or through AMPK upregulation [42,55]. Results
of the present study highlight the importance of EIF2AK3
and ERN1 pathways in the activation of radiation-induced
autophagy. Our results are in line with the earlier studies
suggesting the importance of EIF2AK3 and ERN1 during
the induction of autophagy [14,15,21]. Interestingly, specific
inhibition of ERN1 resulted in reduced lipidation of LC3, not
only in the presence of radiation but also in control condi-
tions indicating the importance of this pathway during basal
autophagy. However, this is in contrast to the reports showing
ERN1 signaling mediated impairment of autophagy flux in
Huntington model [56]. The difference in the roles of the
ERN1 pathway may be due to the difference in stress condi-
tions. The early phosphorylation of EIF2AK3 (0 h sample,
immediately after irradiation) and activation of both
EIF2AK3, as well as ERN1 later (12 h and 24 h), are suggestive
of a tight regulation of the activation of specific UPR signaling
pathways in radiation-induced autophagy. The precise role of
these pathways in radiation-induced autophagy needs to be
explored further. The possibility of HSPA5 independent
EIF2AK3 activation pathways responsible for its activation
immediately after radiation may not be excluded.

Various signaling pathways are associated with autophagy
induction including PtdIns3K-AKT1 and AMPK [12]. During
starvation, PtdIns3K-AKT1 is unable to activate MTOR thus
making ATG1 ready to initiate the autophagic process [5].
Similarly, cellular AMPK activation by a reduced ATP to
AMP ratio inhibits MTOR activity and results in autophagy
induction [57,58]. A fragile balance exists between autophagy
and apoptosis. The anti-apoptotic protein BCL2 gets released
from BECN1/Beclin 1 thus inhibiting apoptosis on autophagy
induction [59]. Further, STK11/LKB1 (serine/threonine
kinase 11)-AMPK may activate CDKN1B/p27Kip1 (cyclin-
dependent kinase inhibitor 1B), a CDK inhibitor leading to
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Figure 7. Radiation-induced autophagy is pro-survival under in vivo conditions. (a) The effects of autophagy inducer Rapamycin (2 mg/kg body weight) on survival
during the first 30 d after 8 Gy irradiation in mice. C57BL/6 mice were randomized into 4 groups: control, IR, Rap, Rap+IR. Rapamycin was administered via an
intraperitoneal (i.p.) route in a single dose, 1 h prior to irradiation. Mice were observed for their body weight (Table S1), and lethality was scored daily for the first
30 d. Kaplan-Meier analysis was performed for mice receiving 8 Gy of total body irradiation. Each treatment group contained at least 6 animals. (b) The effect of the
autophagy inhibitor chloroquine (10 mg/kg body weight) on animal survival was studied for the first 30 d after 8 Gy irradiation in mice. C57BL/6 mice were
randomized into 4 groups: control, IR, CQ alone and CQ+IR. CQ was administered via intraperitoneal (i.p.) injection in a single dose, 1 h prior to irradiation. Mice were
observed for their body weight (Table S1), and lethality was scored daily for the first 30 d. Kaplan-Meier analysis was performed for mice receiving 8 Gy of total body
irradiation. Each treatment group contained at least 6 animals. (c) Immunoblotting of isolated mice peritoneal cavity cells from rapamycin and chloroquine (CQ)
treated mice was performed after day 8 of irradiation. Each mouse was given 4% thioglycolate treatment 72 h prior to peritoneal cavity cell isolation. Cells were
lysed, and blots were probed with SQSTM1 (as a marker of autophagy) and cleaved CASP3 (as a marker of apoptosis). A total of 3 animals were sacrificed from each
group for western blotting. Each blot is representative of 2 independent experiments.
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Figure 8. Proposed model for molecular signaling involved in radiation-induced autophagy. Radiation exposure results in the generation of numerous reactive
oxygen species (ROS) mainly via mitochondrial potential disturbance. The formed ROS may cause damage to the macromolecules (primarily DNA, proteins and lipids)
leading to protein misfolding and unfolding, resulting in ER stress. This stress is sensed through the UPR sensor HSPA5/GRP78 (which binds to the unfolded proteins)
causing instigation of UPR through predominant activation of the EIF2AK3 and ERN1 branches of the UPR. The UPR results in the induction of autophagy in radiation-
exposed conditions. This radiation-induced autophagy, which is dependent on ROS production and UPR for its induction, is a pro-survival stress response (which may
be due to efficient recycling of damaged cellular cargos generated upon radiation exposure).
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the cell cycle arrest, which prevents apoptosis and induces
autophagy for cell survival [60]. Our study shows that autop-
hagy counteracts necroptosis in radiation-exposed conditions.
It will be interesting to explore the molecular mechanism
responsible for the balance between necroptosis and autop-
hagy under radiation stress.

Although autophagy and apoptosis have been recognized
as important components of cellular responses to oxidative
and other stress, the association between radiation-induced
autophagy and animal survival has not been studied thor-
oughly [61]. Induction of autophagy (SQSTM1 clearance)
with a concomitant decrease in apoptosis (reduced cleaved
CASP3) in macrophages isolated from irradiated mice that
were administered Rapamycin, lent support to the proposition
that the induction of autophagy in critical cell components
contributes to the survival of irradiated mice. It will be inter-
esting to explore the effect of these autophagy modifiers in
other cell types of the irradiated mice. Improved radio-
protection after Rapamycin and enhanced radio-sensitization
after chloroquine treatment indicate that autophagy is
a potential target for the modification of systemic response
to radiation that may be utilized for developing radiation
countermeasure as well as improved tumor radiotherapy. In
conclusion, our results suggest that radiation-induced autop-
hagy is a pro-survival response initiated by oxidative stress
and mediated by UPR, and emphasize that autophagy is
a protection strategy deployed by the irradiated cells for
survival.

Materials and methods

Cell lines and cell culture

RAW 264.7 cells were obtained from the American Type Culture
Collection (American Type Culture Collection, TIB-71). The
cells were maintained in high glucose DMEM medium (Sigma-
Aldrich, D5648) supplemented with 10% (v:v) heat-inactivated
fetal bovine serum (Gibco, 10270) at 37°C in a humidified atmo-
sphere of 5% CO2 and 95% air. Cells were treated with various
chemicals including 3-methyladenine (Sigma-Aldrich, M9281),
sulphorhodamine-B (Sigma-Aldrich, S1402), trichloroacetic
acid (MP Biomedicals, 0215259290), DCFDA (Sigma-Aldrich,
D6883), BafA1 (Sigma-Aldrich, B1793), 4-phenylbutyrate
(Sigma-Aldrich, P21005), N-acetyl-L-cysteine (Sigma-Aldrich,
A9165), GSK2606414 (Cayman chemicals, 17376) and
3,5-dibromosalicylaldehyde (Sigma-Aldrich, 122130), PBS
(Himedia, TS1006). Atg7- and Ulk1-specific siRNA were pur-
chased from Dharmacon (L-020112-00-0005). The GFP-LC3
plasmid was purchased from Addgene (21073; deposited by
Tamotsu Yoshimori, Osaka University). The incubation time
and concentration of agents used is stated in the figure legends.

Animals

C57BL/6 female mice (10–12 wk old) were injected with
FDA approved autophagy modulators; chloroquine (a late
autophagy inhibitor) (Sigma-Aldrich, C6628) or rapamycin
(Sigma-Aldrich, PZ0020). Chloroquine was reconstituted in
PBS and administered 10 mg/kg dose via an intraperitoneal

(i.p.) route. Rapamycin was reconstituted in DMSO at
20 mg/ml and further diluted in PBS containing 5% DMSO
to get the desired 2 mg/kg body weight dose, which was
administered through an intraperitoneal (i.p.) route. The
autophagy modifiers were administered 1 h prior to irradia-
tion until otherwise mentioned. All proper controls were
included in the study.

Macrophage isolation, culture and polarization

Peritoneal macrophages were attracted to the mouse perito-
neal cavity by injecting 4% thioglycolate (chemoattractant;
Sigma-Aldrich, B2551) solution into the cavity. After 72 h of
thioglycolate stimulus, mice were euthanized, and peritoneal
cavity macrophages were isolated by flushing the peritoneal
cavity with PBS with the help of a 25 G needle. Peritoneal
cavity cells were given one wash with PBS, and 0.2 × 106 cells
per group were used to quantify the macrophage population
in peritoneal fluid cells using an ADGRE1/F4/80-PE-Cy
5.5-conjugated antibody.

Western blot analysis

RAW 264.7 cells and mice peritoneal macrophages were
washed with ice-cold PBS and lysed in RIPA buffer with
protease and phosphatase inhibitor cocktail (Thermo
Scientific/Pierce Protease Inhibitor Mini Tablets, 88665) on
the ice. Cell lysates were centrifuged at 4°C (21952 g, 20 min),
and the protein supernatant was transferred into new micro-
centrifuge tubes. The concentration of the protein samples
was determined with BCA Protein Assay Kit (Thermo
Scientific/Pierce, PI23227); 20 µg of the total protein was
resolved using 10%, 12% or 15% SDS-PAGE, followed by
protein transfer onto PVDF membranes. The membranes
were blocked in PBS containing 0.1% Tween 20 (Himedia,
MB067) with 3% bovine serum albumin (Sisco Research
Laboratories, 85171) at room temperature for 1 h. The follow-
ing primary antibodies were used; SQSTM1/p62 (Sigma-
Aldrich, P0067), PARP1 (Thermo Fisher scientific/Pierce,
MA5-15031), ATF6 (Santa Cruz Biotechnology, sc-22799),
phospho-EIF2AK3/PERK (Santa Cruz Biotechnology, sc-
32577), EIF2AK3/PERK (Cell Signaling Technology, 3192),
IRE1/ERN1 (Santa Cruz Biotechnology, sc-20790), Cleaved
CASP3 (Cell Signaling Technology, 9664), CASP3 (Cell
Signaling Technology, 9662), ACTB (Santa Cruz
Biotechnology, sc-47778), GRP78/HSPA5 (Santa Cruz
Biotechnology, sc-1050), XBP1 (Santa Cruz Biotechnology,
sc-7160), ATG7 (Cell Signaling Technology, 8558), ULK1
(Cell Signaling Technology, 4776) and GAPDH (Santa Cruz
Biotechnology, sc-25778). For LC3 lipidation analysis, LC3A/
B (Cell Signaling Technology, 4108) antibody was used in
most of the experiments; otherwise Sigma-Aldrich, L7543
was used. Secondary antibodies were used from Santa Cruz
Biotechnology. Detection of the blots was performed using
ECL reagents (Amersham Pharmacia Biotechnology,
RPN2232). Only the blots having band intensities within the
linear range were included. The blots were quantified using
ImageJ software.
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Irradiation procedure

RAW 264.7 cells were irradiated with Tele-Cobalt Facility,
Bhabhatron II (Panacea Medical Technologies, Bengaluru,
Karnataka, India) at 2.5 Gy (a dose rate of 1.62 Gy/min)
over an appropriate field size of 35 cm x 35 cm and at 80
SSD in the irradiation center. 3-MA (0.5 mM), BafA1 (2.5
nM), NAC (30 mM) or 4-PBA (3.5 mM) were added into
culture medium 1 h before irradiation. As aqueous solutions
of cysteine oxidize to cystine on contact with air at neutral or
alkaline pH, NAC was prepared fresh for every experiment
and pH was adjusted to 7.4. After irradiation, cells were
incubated at atmospheric conditions of 5% CO2 for the
desired time points. For the 0 h time point, cells were pro-
cessed immediately after radiation for the assay of interest.

For in vivo survival experiments, a group of at least 6
irradiated mice were followed up until 30 d in the presence
of autophagy modulators. Mice in each group were exposed to
whole-body radiation of 8 Gy from 60Co γ-ray irradiator
having a dose rate of 1.25 Gy/min. For Western blotting and
other assays, 3 mice from each group were sacrificed on the
third and eighth day after irradiation. All experiments were
complied with the Institutional regulations on animal welfare
protocols and were approved by the Institute’s ethics commit-
tee of laboratory animals.

Transient transfection and microscopy

All DNA transfections were done using Lipofectamine 2000
(Invitrogen, 11668019), and cells were maintained in Opti-
MEM medium (GIBCO, 31985062) devoid of serum and anti-
biotics. Four h post-transfection, the culture medium was
replaced with fresh medium containing serum and antibiotics.
Cells transfected with GFP-tagged proteins were observed at
different time points, and photomicrographs were captured
using a fluorescence microscope (Olympus, Center Valley, PA,
USA) or confocal microscope (Zeiss LSM 710 ELYRA,
Oberkochen, Germany). For siRNA transfection, cells were
transfected with either Atg7 or Ulk1 siRNA (50 nM) using
reverse transfection with RNAi max transfection reagent
(Invitrogen, 13778075) in non-antibiotic 5% serum-
supplemented opti-MEMmedia for 24 h. The next day, transfec-
tion media was replaced with high-glucose DMEM containing
antibiotic and heat-inactivated serum and was processed for
various assays including microscopy, western blotting or
viability.

Transmission electron microscopy (TEM)

RAW 264.7 cells (2x106) were seeded in 90-mm dishes and
allowed to attach overnight. Next day, cells were exposed to
2.5 Gy radiation dose. After 12 h, cells were washed twice with
ice-cold PBS and fixed overnight in ice-cold Karnovsky’s
fixative (1% glutaraldehyde and 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4) at 4°C. Cells were then rinsed
twice with ice-cold PBS, post-fixed in 1% osmium tetraoxide
with 0.1% potassium ferricyanide, dehydrated through
a graded series of ethanol (30–90%) and embedded in Epon
(Sigma-Aldrich, 45345). Semi-thin sections (300 nm) were cut

using a Reichart Ultracut (Leica Microsystems Inc., Chicago,
IL, USA), stained with 0.5% toluidine blue, and examined
under a light microscope. Ultrathin sections (65 nm) were
stained with 2% uranyl acetate and Reynold’s lead citrate and
examined using an FEI transmission electron microscope
(Holland). The electron microscopy was performed at All
India Institute of Medical Sciences, Delhi, India.

Analysis of ROS

DCFDA is a fluorogenic dye that measures ROS (hydroxyl,
peroxyl) activity within the cells. After diffusion into the cells,
DCFDA is deacetylated by cellular esterases to a non-
fluorescent compound. This compound is later oxidized by
ROS into DCF, which is a highly fluorescent form.

The murine macrophage cells RAW 264.7 were irradiated
with a dose of 2.5 Gy at the indicated time point (0, 4, 12 and
24 h). Media was removed, and fresh media without serum was
added. Next, 10 µM DCFDA (Sigma-Aldrich, D6883) was
added to each well. The cells were incubated for 30 min at
37°C in the dark and processed using a BD FACS LSR-II flow
cytometer. For 0 h reading, cells were pretreated with 10 µM
DCFDA for 20 min and irradiated; immediately after irradia-
tion, cells were washed, scraped in PBS and used for flow
cytometry.

Cell viability assays

The effect of autophagy modulators (both chemical and geno-
mic) on the metabolic viability of RAW 264.7 cells was evaluated
by the MTT [3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyl-2H tet-
razolium bromide] (Sigma-Aldrich, M2128) assay. Briefly,
approx. 3 × 103 cells per well were seeded in 96-well microplates
and were cultured for 12 h. The cells were then treated with the
indicated concentrations of autophagy modulators for 12 and
24 h. Next, the medium in each well was replaced with 200 µl of
fresh medium containing 0.5 mg/ml MTT. The cells were then
incubated at 37°C for next 2 h, following which the medium was
discarded, and 150 µl of DMSO was added to each well in order
to dissolve formazan crystals. The optical density was read at
570 nm using an automated microplate reader (Bio-Tek,
Winooski, USA). Experiments were carried out in triplicate,
and the results are shown as mean ± SD of 3 independent
experiments.

A similar protocol was followed for studying cell viability
using sulphorhodamine-B (SRB) stain. After completion of
indicated time points, cells were fixed in 10% (w:v) trichloroa-
cetic acid for 45 min at 4°C followed by incubation with SRB
for 30 min at 37°C. After completion of the desired incubation
period, wells were washed to remove the excess stain by using
1% (v:v) acetic acid. The protein-bound dye was dissolved in
10 mM Tris base solution, pH 10. The optical density was read
at 510 nm using an automated microplate reader.

Growth inhibition kinetics

In order to study relative growth inhibition kinetics, 0.1 × 106

RAW 264.7 cells were seeded in 35-mm dish in triplicates and
allowed to grow at 37°C in CO2 incubator. Next day, media
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was changed, and cells were irradiated with the desired dose.
Cells were processed for counting using hemocytometer.
Relative cell number (Nt:N0) was calculated with respect to
the unirradiated control cells.

Colony-formation assay

Macro colony formation assay was performed to assess the effect
of radiation-induced cell death in the presence of autophagy
inhibitors. RAW 264.7 cells were seeded in triplicates. Cells
were treated with the drugs, 1 h prior to radiation. Media was
replaced 24 h post-irradiation, and cells were incubated at 37°C
to form colonies. After 10 d, colonies were washed with PBS,
fixed in methanol and stained with 1% crystal violet for 10 min.
Excess stain was removed with PBS. Stained colonies made up of
more than 50 cells were scored and manually counted.

ANXA5/annexin V and PI staining

Apoptosis was studied using flow cytometry, 12 and 24 h post-
irradiation using the ANXA5-PI staining assay kit according to
the manufacturer’s instructions (APOAF-Annexin V-FITC
Apoptosis Detection Kit; Sigma-Aldrich, APOAF). Briefly,
cells (1x106) were resuspended in 200 µl of binding buffer
containing 5 µl ANXA5-FITC and 10 µl propidium iodide.
After 15 min of incubation at room temperature in the dark,
samples were acquired using a BD FACSCalibur flow cyt-
ometer. A minimum of 10,000 cells per sample were acquired
and analyzed using BD FACS Diva software (Becton and
Dickinson, San Jose, CA, USA). The percentage of ANXA5-
positive and -negative cells were estimated by applying appro-
priate gates and using regional statistical analysis (Flow Jo
software). Both early apoptotic (ANXA5-positive, PI-negative)
and late apoptotic (ANXA5-positive, PI-positive) cells were
considered positive.

Statistical analysis

All experiments were performed at least 3 times unless men-
tioned. All data are presented as mean ± S.D. of the average
from triplicates unless mentioned. Statistical analysis was per-
formed by Student’s t-test (two-tailed) using the GraphPad
Prism software for Windows (GraphPad Software, version 5.0,
Inc., California Corporation). P < 0.05 was considered statis-
tically significant.
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