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ABSTRACT

We hypothesized that radiation-induced rescue effect (RIRE) shared similar mechanisms with ‘metabolic cooper-
ation’, in which nutrient-deprived cancer cells prompted normal cells to provide nutrients. Our data demon-
strated that X-ray irradiation induced autophagy in HeLa cells, which could last at least 18 h, and proved that
the irradiated cells (IRCs) resorted to breaking down their own intracellular components to supply the mole-
cules required for cell-repair enhancement (e.g. to activate the NF-κB pathway) in the absence of support from
bystander unirradiated cells (UICs). Furthermore, autophagy accumulation in IRCs was significantly reduced
when they were partnered with UICs, and more so with UICs with pre-induced autophagy before partnering
(through starvation using Earle’s Balanced Salt Solution), which showed that the autophagy induced in UICs
supported the IRCs. Our results also showed that interleukin 6 (IL-6) was secreted by bystander UICs, particu-
larly the UICs with pre-induced autophagy, when they were cultured in the medium having previously
conditioned irradiated HeLa cells. It was established that autophagy could activate the signal transducer and acti-
vator of transcription 3 (STAT3) that was required for the IL-6 production in the autophagy process. Taken
together, the metabolic cooperation of RIRE was likely initiated by the bystander factors released from IRCs,
which induced autophagy and activated STAT3 to produce IL-6 in bystander UICs, and was finally manifested
in the activation of the NF-κB pathway in IRCs by the IL-6 secreted by the UICs.

Keywords: autophagy; ionizing radiation; rescue effect; bilateral bystander effect; bidirectional signaling; recipro-
cal bystander effect

INTRODUCTION
Radiation-induced bystander effect (RIBE) refers to the phenom-
enon that unirradiated cells (UICs) respond as if they have been
irradiated after they have partnered with the irradiated cells (IRCs)
or after they have been treated with the medium previously condi-
tioning the IRCs. Two mechanisms underlying RIBE have been
widely adopted, namely, (i) gap junction intercellular communica-
tion (when there is cell–cell contact), and (ii) communication of
soluble signal molecules released by IRCs into the medium condition-
ing the IRCs. Radiation-induced rescue effect (RIRE) is closely related
to RIBE and describes the phenomenon that IRCs derive benefits

from feedback signals released from bystander UICs, e.g. the UICs
can alleviate the harmful radiobiological effects in the IRCs. In 2011,
RIRE was demonstrated between human primary fibroblast (NHLF)
and human cervical cancer (HeLa) cells [1]. RIRE has since attracted
extensive interest in the research community, and has been success-
fully demonstrated in different in vitro [2–10] and in vivo [11, 12]
experiments. A review summarized recent studies on RIRE, as well as
possible mechanisms and the involved chemical messengers [13]. In
particular, it was also revealed that RIRE was induced in α-particle–
irradiated HeLa and NIH/3T3 cells through activation of the nuclear
factor kappa B (NF-κB) pathway in the IRCs [5].
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Interestingly, RIRE bears some resemblance to the metabolic
cooperation between cancer cells and normal cells (e.g. see review
in Ref. [14]). In a tumor microenvironment, when the vascular sup-
ply of nutrients to the cancer cells becomes limiting, neighboring
normal cells can be prompted to provide nutrients to support the
survival and growth of the cancer cells [15–19]. Metabolic cooper-
ation has also been found between cancer cells in a tumor and nor-
mal cells in distant tissues or organs [20, 21].

The objective of the present paper was to explore the similarity
between metabolic cooperation and RIRE, with a view to proposing a
unified scheme in which these seemingly different processes are in fact
only different manifestations. The similarity would become apparent if
the nutrient-depleted cancer cells and the IRCs were generalized as
‘stressed cells’, while the normal cells metabolically cooperating with
the nutrient-depleted cancer cells and the UICs partnering with the
IRCs were generalized as ‘bystander cells’. Such a unified scheme
could help us gain new insights into the different processes, which
might help improve the efficacy of the related therapy methods.

The finding that RIRE was triggered through NF-κB activation
in the IRCs [5] pointed to a potential involvement of autophagy in
the process, since NF-κB repressed autophagy [22], while autop-
hagy regulated the NF-κB pathway [23], and there was complex
interplay between the two pathways [24, 25]. Autophagy plays a
fundamental role in cellular homeostasis by inducing recycling of
damaged organelles and toxic components [26–29]. There are
excellent reviews on the role played by autophagy in both physio-
logical and pathological cell death [30, 31]. Autophagy can be acti-
vated by adverse stimuli, including oxidative stress, DNA damage,
and starvation for nutrients such as amino acids [32–35]. In particu-
lar, under starvation, it can lead to breakdown of intracellular com-
ponents within lysosomes to supply energy to enhance cell survival
[31, 36]. If autophagy is induced in IRCs by ionizing radiation, it is
also natural that autophagy is induced in UICs following the general
pattern for RIBE in that ‘unirradiated cells responded as if they had
been irradiated’. As such, in the present paper, we chose for our ref-
erence a metabolic cooperation process involving autophagy in the
involved cells. We compared our IRC/UIC system (with IRCs and
UICs) to the PCC/PSC system where autophagy was promoted in
non-cancerous pancreatic stellate cells (PSCs) to release alanine to

help neighboring pancreatic cancer cells (PCCs) survive in the
tumor microenvironment [18]. According to our unified scheme
described above, the PCCs were the ‘stressed cells’, while the PSCs
were the ‘bystander cells’. Table 1 compares the PCC/PSC system
and the IRC/UIC system, and we hypothesize that the processes in
the two systems share similar mechanisms.

Inspired by the PCC/PSC system, we aimed to prove that autop-
hagy pre-induction in bystander UICs (before partnering with IRCs)
would enhance RIRE in IRCs. While autophagy has previously been
shown to be induced in UICs upon partnering with IRCs irradiated
by heavy ions [37] and γ-rays [38], support provided to IRCs as a
result of autophagy in UICs has not been demonstrated. Furthermore,
if autophagy in UICs provides support to IRCs, it would also be likely
that IRCs would resort to breaking down their own intracellular com-
ponents to supply molecules required in the absence of UICs.

In a previous study [5], activation of the NF-κB pathway was shown
[through the use of the NF-κB activation inhibitor BAY-11–7082 (IκB
phosphorylation inhibitor) as well as through staining for phos-
phorylated NF-κB (p-NF-κB) expression using the anti-NF-κB p65
(phospho S536) antibody] to be involved in RIRE in HeLa cells
irradiated by α particles. In order to provide further mechanistic
insight, extra experiments were performed in order to study the secre-
tion of interleukin 6 (IL-6) by bystander cells when cultured in
medium that had previously conditioned irradiated HeLa cells. As accu-
mulating evidence showed that the inflammatory cytokine IL-6 could
activate the NF-κB pathway [39–42], it would be pertinent to explore
whether IL-6 was involved in RIRE in the studied IRC/UIC system.

Accordingly, the objectives of the present paper were to study (i)
whether autophagy is induced in IRCs by ionizing radiation and also
in bystander UICs, (ii) whether IL-6 secretion is induced in bystander
UICs, and (iii) whether autophagy pre-induction in bystander UICs
enhances IL-6 secretion in these UICs as well as RIRE in IRCs.

MATERIALS AND METHODS
Materials and chemicals

Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, USA), fetal
bovine serum (FBS) (Gibco, USA), LysoTracker Red DND-99
(LysoTracker, USA), secondary Alexa Fluor488 goat anti-rabbit IgG

Table 1. Comparisons between PCC/PSC system and IRC/UIC system

PCC/PSC system IRC/UIC system

Stressed cells Pancreatic cancer cell (PCC) (in low-nutrient
environment)

Irradiated cell (IRC)

Bystander cells Pancreatic stellate cell (PSC) Unirradiated cell (UIC)

Benefits to stressed cells Proliferation while deprived of nutrients Activate NF-κB pathway (while deprived of signal
molecules?) to enhance cell survival

Bystander factors Unknown Multiple: including TNF-α, TGF-β1, IL-6, IL-8,
NO and ROS

Manifestations in bystander cells Induces autophagy [26] Induces autophagy [45, 46]

Rescue factors Amino acid (Ala) [26] IL-6
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antibody (Invitrogen, USA), human IL-6 ELISA (NOVEX, USA),
Earle’s balanced salt solution (Gibco, USA), phosphate buffered
saline (PBS) (Gibco, USA) and 16% formaldehyde (Pierce, USA)
were purchased from Thermo Fisher Scientific Inc. The Cyto-ID
Autophagy detection kit (Enzo Life Sciences, USA) was purchased
from Boppard (H.K) Co. Ltd. Primary anti-53BP1 antibody
(Abcam, USA) was purchased from Abcam (H.K) Ltd. Goat serum
(Sigma-Aldrich, USA) and Triton-X 100 (Sigma-Aldrich, USA)
were purchased from Tin Hang Technology (H.K) Ltd.

Cell culture
The HeLa cells (ATCC® CCL-2TM) were obtained from American
Type Culture Collection. The cells were routinely cultured in DMEM,
supplemented with 10% FBS and incubated at 37°C in an atmosphere
with a humidified 5% CO2 incubator. Previous evidence showed that
HeLa cells subjected to Earle’s Balanced Salt Solution (EBSS) for star-
vation could lead to autophagy [43, 44]. To prepare starved HeLa
cells, a total of 2 × 105 HeLa cells were seeded in each 35mm petri
dish overnight, and the cells were then treated with EBSS for 4 h.

X-ray irradiation
X-ray irradiation was performed using the X-ray generator, X-RAD
320 irradiator (Precision X-ray Inc., North Branford, CT, USA),
with voltage and current set at 200 kV and 10 mA, respectively, and
employing a 2 mm thick aluminum (Al) filter to harden the X-ray,
while the source-to-surface distance was set as 50 cm. The dose rate
was ~0.9 Gy/min. Tailor-made 35 mm petri dishes with a hole
(diameter = 6.5 mm) at the center covered by a glass coverslip on
the bottom were employed for the experiments. A total of 104

HeLa cells were plated on the glass coverslip and incubated over-
night before X-ray irradiation. HeLa cells were irradiated by X-rays
with a dose of 2 Gy (the IRCs) before being partnered with
bystander UICs for 4 or 18 h.

Preparation of irradiated and rescued HeLa cells
A total of 5 × 104 HeLa cells were plated on 22 × 22 mm glass cov-
erslips and incubated overnight. UICs were first divided into two
groups and subjected to different treatments for 4 h, namely, (i)
those treated with complete medium (i.e. DMEM with 10% FBS):
referred to as the BYDMEM group and (ii) those treated with EBSS:
referred to as the BYEBSS group (for pre-induction of starvation) for
4 h, before being partnered with IRCs for a further 4 or 18 h. The
IRCs partnered with the BYDMEM and BYEBSS groups were referred
to as RE and EBSS RE groups, respectively, while the IRCs without
partnering were referred to as the 2 Gy group. Figure 1 schematic-
ally shows the procedures for preparation and partnering.

Autophagy induction in bystander cells
A total of 2 × 105 HeLa cells were seeded in each 35mm petri dish
overnight. The HeLa cells were then irradiated with X-rays with a dose
of 2 Gy (IRCs). At 4 h post irradiation, the medium conditioning the
irradiated cells was collected and transferred to the bystander cells (BY
group). At the same time, medium conditioning the sham-irradiated cells
was also collected and transferred to the bystander cells (SBY group).

The SBY group acted as the experimental control group. After 4 h of
incubation with the transferred conditioned medium, both BY and SBY
groups of HeLa cells were analyzed by LysoTracker Red staining.

53BP1 immunofluorescent staining
To evaluate the radiation-induced DNA damages in terms of double-
strand breaks (DSBs), the expression of 53BP1 in the HeLa cells was
assayed. The cells were washed with PBS before fixation in 4% formal-
dehyde at room temperature at 4 or 18 h post irradiation, then washed
three times with PBS, permeabilized in 0.5% Triton X-100 at 37°C,
and finally incubated with 1.5% goat serum blocking solution followed
by primary anti-53BP1 antibody (1:500) at 37°C for 1.5 h. The cells
were further washed with PBS three times, and incubated with second-
ary Alexa Fluor-488 goat anti-rabbit IgG antibody (1:1000) at 37°C
for 1 h. Fluorescence images were captured with a Nikon Ti-E motor-
ized inverted fluorescence microscope (Nikon Instruments Inc.,
Melville, NY, USA) with an objective magnification of ×40. At least
100 cells in each sample were counted. Quantification of 53BP1 foci
was analyzed using the NIS-Elements Advanced Research software
(Nikon Instruments Inc., Melville, NY, USA).

LysoTracker Red and Cyto-ID staining
For studying the acidic organelles in the HeLa cells, 500 nM
LysoTracker Red was employed. LysoTrakcer Red is a fluorescent

Irradiated cells seeded in hole
of Petri dish

Bystander cells seeded on coverslip

Fig. 1. Schematic diagram showing the procedures for
preparation and partnering for the 2 Gy, RE and EBSS RE
groups. Unirradiated cells (UICs) were first divided into
two groups and subjected to different treatments for 4 h,
namely, (i) those treated with complete medium (i.e.
Dulbecco’s Modified Eagle Medium with 10% fetal bovine
serum): referred to as the BYDMEM group and (ii) those
treated with Earle’s Balanced Salt Solution: referred to as
the BYEBSS group (for pre-induction of starvation) for 4 h,
before being partnered with irradiated cells (IRCs) for a
further 4 or 18 h. The IRCs partnered with the BYDMEM

and BYEBSS groups are referred to as RE and EBSS RE
groups, respectively, while the IRCs without partnering are
referred to as the 2 Gy group.
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acidotropic probe widely used to reveal autophagic activity by label-
ing and tracking acidic vesicular organelles (AVOs) in live cells such
as endosomes, lysosomes and autolysosomes [45–47].

At the same time, Cyto-ID (after dilution according to the man-
ufacturer’s recommended staining procedures) was used to reveal
the autophagic flux. The Cyto-ID assay was previously shown to be
more sensitive and reliable than the specific monodansylcadaverine
(MDC) spectrophotometric in vivo assay for autophagic vacuoles, as
well as the well-established LC3B immunoblotting assay widely
used in monitoring autophagy [48].

In the present work, the cells were counterstained with LysoTracker
Red and Cyto-ID in serum-free culture medium [49] for 30min at
37°C at 4 or 18 h post irradiation. After staining, the cells were washed
with PBS three times and then fixed in 4% formaldehyde at room tem-
perature. All images were captured using the fluorescence microscope
with an objective magnification of ×40 under identical conditions in
each experiment. At least 100 cells in each sample were counted. The
fluorescence intensity was analyzed using the NIS-Elements Advanced
Research software (Nikon Instruments Inc., Melville, NY, USA). The
autophagy activity factor (AAF) was calculated using the equation:

= [ ( ) − ( )] ( ) ×AAF MFI treated MFI control MFI treated/ 100

where MFI = mean fluorescence intensity. AAF is a quantitative
method commonly employed to quantify autophagic flux [50, 51],
which has been adopted to measure the level of autophagic accumu-
lation within a cell population in the present study.

Determination of interleukin 6 concentrations in
conditioned media using an enzyme-linked

immunosorbent assay (ELISA)
A total of 2 × 105 HeLa cells were seeded in each 35 mm petri dish
overnight. The control group was denoted ‘the ctl group’, while ‘the

EBSS group’ was the group of HeLa cells first treated with EBSS for
4 h and then incubated with fresh DMEM with 10% FBS for a fur-
ther 4 h. At 4 h post irradiation by 2 Gy X-rays, the medium having
conditioned the IRCs was collected, and (i) transferred to the cul-
tures of UICs treated with DMEM with 10% FBS for incubation for
a further 4 h (‘the BY group’), or (ii) transferred to the cultures of
UICs treated with EBSS for incubation for a further 4 h (‘the EBY
group’) or (iii) incubated alone for a further 4 h (the ‘2 Gy group’).
After 4 h incubation, the media from the different groups (ctl,
EBSS, 2 Gy, BY and EBY) were collected and centrifuged at
1500 rpm for 10 min at 4°C to remove the cells or cellular debris.
The IL-6 concentrations (pg/ml) in the media were measured using
an IL-6 ELISA kit following the manufacturer’s instructions. The
results were obtained from three independent experiments.

Statistical analysis
Statistical analyses were performed on the means of the data
obtained from at least three independent experiments and per-
formed in triplicates. All the results were presented as means ±
SEMs. Differences between two groups of data were analyzed using
Student’s t-test. On the other hand, differences between more than
two groups of data were analyzed using one-way analysis of variance
(ANOVA), and if statistically significant (P < 0.05) the differences
between two particular groups of data were analyzed using Least
Significant Difference (LSD) post-hoc t-tests. A P value of <0.05 was
considered as indicating a significant difference between the com-
pared groups.

RESULTS
Rescue effect in HeLa cells exposed to X-ray irradiation
Figure 2 shows the results for 53BP1 expression in different groups at
4 and 18 h post irradiation. At the early stage (4 h post irradiation),
there were no significant differences in the numbers of 53BP1 foci/cell

Fig. 2. Number of 53BP1 foci/cell nucleus in 2 Gy, RE and EBSS RE groups of HeLa cells at 4 and 18 h post irradiation.
Independent experiments were performed in triplicate and repeated three times. Data were analyzed using one-way ANOVA
followed by post-hoc t-tests. *P < 0.05, **P < 0.01 and error bars represent ± SEM.
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nucleus between the irradiated group (2Gy group) (15.3 ± 1.0) and
the rescued group (RE group; IRCs co-cultured with UICs treated
with DMEM (BYDMEM)) (14.4 ± 1.3). Interestingly, however, the
EBSS RE group [IRCs co-cultured with UICs treated with EBSS
(BYEBSS)] showed a decrease in 53BP1 accumulation (11.2 ± 0.9),
indicating the presence of a rescue effect at the early stage. At the late
stage (18 h post irradiation), the numbers of 53BP1 foci/nucleus in
all groups dropped when compared with their counterparts at the
early stage. At 18 h post irradiation, there were significant decreases
in the numbers of 53BP1 foci/nucleus in both the RE group (8.3 ±
0.9) and the EBSS RE group (6.9 ± 0.7) compared with the 2 Gy
group (11.5 ± 0.8), and the number of 53BP1 foci/nucleus in the
EBSS RE group was smaller than that in the RE group. Figure 3 shows
representative immunofluorescence 53BP1 staining results of HeLa cells
after 4 and 18 h irradiation.

Pre-induction of autophagy by EBSS starvation
in HeLa cells

As described above, HeLa cells were starved using EBSS to pre-
induce autophagy before their partnering with the IRCs. Figure 4a
shows representative LysoTracker Red staining results of control
HeLa cells and those subjected to EBSS starvation for 4 h.
Figure 4b shows the fold changes in LysoTracker Red fluorescence
intensities in ctl and EBSS 4h (HeLa cells treated with EBSS for
4 h) groups of HeLa cells (normalized to that for the control ‘ctl’).
The results show that the LysoTracker Red fluorescence intensity in
starved HeLa cells [(1.63 ± 0.07)-fold increase relative to the con-
trol] was significantly higher than the fluorescence intensity for the
control group.

Autophagy induction in bystander cells
Figure 5a shows the fold changes in LysoTracker Red fluorescence
intensities (normalized to that for the experimental control) of
bystander HeLa cells (BY group: bystander cells partnered with irra-
diated cells; and SBY group: bystander cells partnered with sham irra-
diated cells) cultured for 4 h in the medium having previously
conditioned HeLa cells irradiated with 2 Gy X-ray. The fold change
for the BY group was larger with statistical significance (P < 0.05)
than that for the SBY group, which showed that autophagy was acti-
vated in the bystander cells. On the other hand, Fig. 5b shows the
average number of 53BP1 foci/cell nucleus in the BY DMEM group
(normal bystander cells treated with DMEM) and the BY EBSS group
(EBSS treated bystander cells) of HeLa cells recorded at 4 h post
irradiation. The average number of 53BP1 foci/cell nucleus in the BY
DMEM group was significantly larger than that for the BY EBSS
group (P < 0.01), which showed that pre-induction of autophagy in
the bystander cells could mitigate the damages brought by RIBE.

Autophagy induction in HeLa cells upon 2 Gy X-ray
irradiation

Figure 6 shows the fold changes in the LysoTracker Red fluores-
cence intensities in HeLa cells at 4 and 18 h post irradiation. At 4 h
post irradiation, LysoTracker Red was accumulated in HeLa cells
irradiated with 2-Gy X-rays [(4.75 ± 0.18)-fold increase cf. control].
In relation, there was a significantly lower level of LysoTracker Red
intensity in the EBSS RE group [(1.61 ± 0.03)-fold increase cf. con-
trol]. Although the LysoTracker Red intensity dropped in the RE
group [(2.96 ± 1.03)-fold increase cf. control], the difference was
not significant compared with the IR group. At 18 h post irradiation,
the results showed that acidic vesicular organelles (AVOs) were still
accumulated in HeLa cells irradiated with 2-Gy X-rays, and the
LysoTracker Red intensity was the highest [(5.40 ± 0.90)-fold
increase cf. control] among all groups. However, the LysoTracker
Red intensity dropped significantly in both the RE group and the
EBSS RE group [(1.30 ± 0.21)-fold and (1.18 ± 0.23)-fold increase
cf. control, respectively].

We further confirmed autophagy accumulation in irradiated
HeLa cells using the Cyto-ID Autophagy Detection assay. Table 2
shows the mean values of autophagy activity factor (AAF) for differ-
ent groups. The results demonstrated that at the early stage (4 h
post irradiation), the percentage of cells expressing active

Fig. 3. Representative immunofluorescence 53BP1
staining results captured using a fluorescence
microscopy at ×40 magnification of HeLa cells after 4
and 18 h irradiation. Scale bar = 50 μm.
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autophagic vacuoles was significantly decreased in the EBSS RE
group (29.4 ± 9.0%) compared with the 2 Gy group (68.0 ± 2.2%).
The percentage of autophagic vacuoles in the RE group (48.4 ±
9.2%) dropped, although not significantly compared with the IR
group. At a later stage (18 h post irradiation), the percentage of cells
expressing active autophagic vacuoles was significantly decreased in
both RE (39.8 ± 2.7%) and EBSS RE (18.8 ± 3.4%) groups. In con-
trast, accumulation of autophagic vacuoles was still maintained at a
high level in the 2 Gy group (72.9 ± 2.4%). Figures 7 and 8 show
representative microscopic fields of HeLa cells with active autop-
hagy (green) and AVOs (red) counterstained with Hoechst 33342
in different groups at 4 and 18 h post irradiation, respectively.

IL-6 induction in bystander HeLa cells
Figure 9 shows the IL-6 concentrations (pg/ml) measured using
ELISA in conditioned media from HeLa cells in different groups,
namely, the control group (ctl), the group treated with EBSS for
4 h and then incubated with fresh DMEM with 10% FBS for 4 h
(EBSS group), 2 Gy, BY and EBY groups. Interestingly, the IL-6
concentrations in the conditioned media were in the order EBY >
BY > 2 Gy groups, and the difference between the EBY and the
2 Gy groups was statistically significant (P < 0.01). These observa-
tions supported the hypothesis that IL-6 was secreted in the
bystander cells and that IL-6 was a cytokine communicated between
the irradiated and bystander HeLa cells.

Fig. 4. Data of starvation of HeLa cells by EBSS. (a) Representative LysoTracker Red staining results of control HeLa cells
and those subjected to EBSS starvation for 4 h captured using a fluorescence microscope at ×20 magnification. Scale bar =
100 μm. (b) Fold changes in LysoTracker Red fluorescence intensities in ctl and EBSS 4h (HeLa cells treated with EBSS for
4 h) groups of HeLa cells (normalized to that for the control ‘ctl’). Independent experiments were performed in triplicates
and repeated three times. **P < 0.01, and error bars represent ± SEM.

Fig. 5. Results for bystander cells. (a) Fold changes in LysoTracker Red fluorescence intensities (normalized to that for the
experimental control) of bystander HeLa cells (BY group and SBY group) cultured for 4 h in the medium having previously
conditioned HeLa cells irradiated with 2 Gy X-ray. (n = 3) (b) Number of 53BP1 foci/cell nucleus in BY DMEM group and
BY EBSS group of HeLa cells recorded at 4 h post irradiation. Independent experiments were performed in triplicates and
repeated three times. *P < 0.05, **P < 0.01, and error bars represent ± SEM.
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DISCUSSION
Rescue effect in HeLa cells exposed to X-ray irradiation
DNA damages in HeLa cells inflicted by an X-ray dose of 2 Gy were
examined in the present study through the expression of 53BP1.
Figure 2 shows that only the EBSS RE group displayed the rescue
effect at the early stage (4 h post irradiation), while both the RE
and EBSS RE groups displayed the rescue effect at the late stage
(18 h post irradiation). The results were consistent with previous
findings which showed that the ratios between the numbers of
53BP1 foci on IRCs in the presence and absence of bystander
cells were relatively small for time-points of 5 h or less post-
irradiation [5].

Previous studies showed that 53BP1 foci did not completely dis-
appear after 8 h treatment, and residual 53BP1 foci could even
remain at 24 h post-irradiation [1, 52, 53].

Autophagy in irradiated cells
Our data demonstrated that X-ray irradiation induced autophagy in
HeLa cells, and the promotion of autophagy lasted at least 18 h after
irradiation. Previous research revealed accumulation of autophagy in
different cell lines upon irradiation with heavy ions with high linear-

energy-transfer (LET) values [54–58]. Moreover, Hino et al. showed
that autophagy was a fast response to heavy ion irradiation, which
could be detected as soon as 30 min post irradiation [54]. By studying
the human glioblastoma cell line (SHG44) and HeLa cells, Jin et al.
showed that high-LET radiations could induce autophagy more effect-
ively than low-LET radiations in tumor cells [58]. Our LysoTracker
Red intensity data also agreed with previous findings that ionizing radi-
ation could lead to the development of AVOs [59, 60]. Our present
results further illustrated that AVOs in cells were maintained for a
long period upon exposure to ionizing radiation. Autophagy induction
in IRCs showed that they resorted to breaking down their own intra-
cellular components in order to supply the required molecules in the
absence of support from bystander UICs.

Autophagy in bystander cells
Figure 5a shows that autophagy was activated in the bystander cells,
which is consistent with the previous finding by Hino et al. that
autophagy was not only induced in the irradiated cells by heavy
ions, but also in the bystander cells [37]. On the other hand,
Fig. 5b shows that pre-induction of autophagy in the bystander cells
was able to mitigate the damages brought by RIBE. Our results
were commensurate with the observation of Huang et al. that rapa-
mycin, one of the autophagy inducers, could inhibit RIBE in human
breast cancer cells [61].

Autophagy pre-induction in bystander cells enhanced
RIRE

Our data on the numbers of 53BP1 foci/cell successfully demon-
strated RIRE in the RE and EBSS RE groups. At the early stage, the
numbers in the EBSS RE group were significantly smaller than the
corresponding numbers in the IR group. The numbers in the RE
group were decreased, but without statistical significance when com-
pared with the IR group. At the later stage, the numbers in both RE
and EBSS RE groups were significantly smaller when compared

Fig. 6. Fold changes in LysoTracker Red fluorescence intensities in 2 Gy, RE and EBSS RE groups of HeLa cells (normalized
to those for the control group) at 4 and 18 h post irradiation. Independent experiments were performed in triplicates and
repeated three times. Data were analyzed using one-way ANOVA followed by post-hoc t-tests. *P < 0.05,
**P < 0.01 and error bars represent ± SEM.

Table 2. Mean values of AAF ( ± SEM) in irradiated HeLa
cells

Autophagy Activity Factor (AAF) (%)

4 h 18 h

2 Gy 68.0 ± 2.2 72.9 ± 2.4

RE 48.4 ± 9.2 39.8 ± 2.7**

EBSS RE 29.4 ± 9.0* 18.8 ± 3.4**

Independent experiments performed in triplicate and repeated three times. *P <
0.05 and **P < 0.01.
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with the IR group. These results on one hand illustrated that RIRE
could be enhanced by promoting autophagy in bystander cells
(through starvation using EBSS), and on the other hand confirmed
that the significance of RIRE critically depended on the time-point,
which is consistent with previous studies [1, 5]. The conclusions
derived from the numbers of 53BP1 foci/cell were further sup-
ported by our LysoTracker Red intensity (AVO staining) data and
Cyto-ID (autophagic vacuoles staining) data. The accumulation of
AVO and autophagic vacuoles in the RE and EBSS RE groups were
reduced at 4 h post irradiation, with a significant difference in the
LysoTracker Red intensity and the AAF between the IR group and
the EBSS RE group. Both RE and EBSS RE groups showed signifi-
cant differences in the LysoTracker Red intensity and the AAF
when compared with the IR group at 18 h post irradiation.

IL-6 as a rescue signal for RIRE
The results shown in Fig. 9 agree in general with the findings in
Ref. [62] that IL-6 was suppressed in irradiated cells as well as in
bystander cells. It is interesting to note from Fig. 9 that IL-6 secre-
tion was induced in HeLa cells upon pre-treatment with EBSS,
which is consistent with the previous study by Yoon et al. [41]. Our
53BP1 foci results showed that damages in irradiated cells partnered
with EBSS-treated bystander cells were the smallest at both studied
time-points (4 and 18 h), which strongly suggested that IL-6 was a
rescue signal sent from bystander cells to irradiated cells, and that

enhancing the production of IL-6 in bystander cells would further
help rescue the irradiated cells. In relation, the 53BP1 foci results of
Tamari et al. demonstrated that IL-6 led to radioresistance in tumor
cells irradiated with γ-rays [63]. In summary, IL-6 could alleviate
damages induced by ionizing radiations. Recent studies illustrated
that amino-acid and serum deprivation provoked autophagic pro-
cesses in HeLa cells [42], and that NF-κB activation in starved can-
cer cells would be affected by autophagic processes [41]. In
particular, the studies showed that starvation-induced autophagy
activated the signal transducer and activator of transcription 3
(STAT3), which was required for IL-6 production in the autophagy
process [41, 42]. Taken together, the metabolic cooperation of
RIRE was likely initiated by the bystander factors released from
IRCs, which induced autophagy and activated STAT3 to produce
IL-6 in UICs, and was finally manifested in the activation of the
NF-κB pathway in IRCs by the IL-6 secreted by the UICs.

Insights into metabolic cooperation and RIRE processes
As explained in the Introduction, the objective of the present paper
was to explore the similarity between the metabolic cooperation and
the RIRE processes, with a view to establishing a unified scheme
involving the ‘stressed cells’ and the ‘bystander cells’. Upon proving
that (i) autophagy was induced in the IRCs by ionizing radiation
and in bystander UICs, (ii) IL-6 secretion was induced in bystander
UICs, and (iii) autophagy pre-induction in UICs would enhance IL-6

4 h CYTO-ID
+Hoechst 33342

LysoTracker Red
+Hoechst 33342

Merged

2 Gy

RE

EBSS
RE 

Fig. 7. Representative microscopic fields of HeLa cells with active autophagy (green) and AVOs (red) in different groups at
4 h post irradiation captured using a fluorescence microscopy at ×40 magnification. Cell nuclei were counterstained with
Hoechst 33342 (blue). Scale bar = 50 μm.
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secretion in these UICs as well as RIRE in IRCs, RIRE was inter-
preted as a metabolic cooperation process. Some insights can be
gained from this unified scheme:

(i) The stressed cells in the PCC/PSC system proliferated
while deprived of nutrients, which actually is also the case

for many cancer cells in a tumor microenvironment when
the vascular supply of nutrients becomes limiting [15–19];
so in analogy, the NF-κB pathway was activated in the
stressed cells in the IRC/UIC system (possibly promoting
cell repair), while deprived of molecules to activate the
NF-κB pathway. Knowledge about the process or the rescue

18 h CYTO-ID

+Hoechst 33342

LysoTracker Red

+Hoechst 33342

Merged

2 Gy

RE

EBSS

RE

Fig. 8. Representative microscopic fields of HeLa cells with active autophagy (green) and AVOs (red) in different groups at
18 h post irradiation at ×40 magnification. Cell nuclei were counterstained with Hoechst 33342 (blue). Scale bar = 50 μm.

Fig. 9. IL-6 concentrations (pg/ml) measured using ELISA in different conditioned media from HeLa cells. Experiments were
repeated three times independently. The data were analyzed using one-way ANOVA. Post-hoc t-tests were then performed to
assess the statistical significance of difference between two particular groups. **P < 0.01, and the bars represent ± SEM.
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factor might help predict or improve the efficacy of the
radiotherapy methods. In fact, NF-κB activation led to
resistance of cancer cells to radio- and chemotherapies
[64–67]. Accordingly, the sensitivity of a number of cancer
cell lines to radiation treatment could be enhanced through
inactivation of the NF-κB pathway in the IRCs [64–67].
Inactivation of autophagy pathways in UICs might also
potentially lower the resistance of cancer cells to
radiotherapies.

(ii) The bystander factors for the PCC/PSC system were not
known. However, as inspired by the RIRE in the IRC/UIC
system, the bystander factors are likely to be multiple, and
may include TNF-α [68], TGF-β1 [69], IL-6 [70], IL-8
[71], NO [72–74] and ROS [75]. Once the bystander
factors are identified, alternative therapy methods for
pancreatic cancers and other cancers involving metabolic
cooperation can be explored in terms of inhibiting the
pathways in the cancer cells for secreting these bystander
factors.

(iii) The unified scheme describing metabolic cooperation
between stressed cells and bystander cells might help
explain some unexpected results from previous studies on
RIRE. When RIRE was first established, it referred to the
phenomenon that IRCs derived benefits from feedback
signals released from bystander UICs [1]. Interestingly, an
exacerbated detrimental effect was recently found in IRCs
upon partnering with UICs [7, 8], which seemed to have
contradicted the ‘rescue effect’. In their experiment, the
IRCs were human bronchial epithelial (Beas-2B) cells,
while the UICs were human macrophage (U937) cells
derived from histiocytic lymphoma. As such, based on the
cell types alone, the U937-cell/Beas-2B-cell system could
resemble the PCC/PSC system, in which the U937 cells
and Beas-2B cells could be regarded as stressed and
bystander cells, respectively. On the other hand, when
considered within the IRC/UIC system, the U937 cells and
Beas-2B cells could be regarded as bystander and stressed
cells, respectively. In the end, the cells destined to provide
more support than the support they receive would show
exacerbated effects compared with the expected effects
from its initial sustained stress, as shown by the Beas-2B
cells (IRCs) in this case. This conjecture also aligns with
the observations from a number of previous studies. Widel
et al. [2] confirmed the rescue effect in irradiated human
melanoma (Me45) cells co-cultured with non-irradiated
normal human dermal fibroblasts (NHDFs), but revealed
that non-irradiated Me45 cells did not rescue co-cultured
irradiated Me45 cells or co-cultured irradiated NHDF cells.
Desai et al. revealed that for irradiated lung
adenocarcinoma (A549) cells, bystander human lung
normal fibroblast (WI38) cells provided a much stronger
rescue effect than bystander A549 cells [4]. In fact, when
RIRE was first established, RIRE was also studied in
irradiated HeLa cancer cells partnered with unirradiated
normal NHLF cells, and it was concluded that normal cells
could also rescue irradiated cancer cells [1]. No

complications arise in this case since the HeLa cancer cells
were unequivocally the ‘stressed’ cells, based either on the
cell types or on the categorization in the IRC/UIC system.
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