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Radiation-induced bystander effects (RIBE) may have potential implications for
radiotherapy, yet the radiobiological impact and underlying mechanisms in hypoxic
tumor cells remain to be determined. Using two human tumor cell lines, hepatoma
HepG2 cells and glioblastoma T98G cells, the present study found that under both
normoxic and hypoxic conditions, increased micronucleus formation and decreased cell
survival were observed in non-irradiated bystander cells which had been co-cultured
with X-irradiated cells or treated with conditioned-medium harvested from X-irradiated
cells. Although the radiosensitivity of hypoxic tumor cells was lower than that of aerobic
cells, the yield of micronucleus induced in bystander cells under hypoxia was similar
to that measured under normoxia indicating that RIBE is a more significant factor in
overall radiation damage of hypoxic cells. When hypoxic cells were treated with dimethyl
sulfoxide (DMSO), a scavenger of reactive oxygen species (ROS), or aminoguanidine
(AG), an inhibitor of nitric oxide synthase (NOS), before and during irradiation, the
bystander response was partly diminished. Furthermore, when only hypoxic bystander
cells were pretreated with siRNA hypoxia-inducible factor-1α (HIF-1α), RIBE were
decreased slightly but if irradiated cells were treated with siRNA HIF-1α, hypoxic RIBE
decreased significantly. In addition, the expression of HIF-1α could be increased in
association with other downstream effector molecules such as glucose transporter 1
(GLUT-1), vascular endothelial growth factor (VEGF), and carbonic anhydrase (CA9) in
irradiated hypoxic cells. However, the expression of HIF-1α expression in bystander
cells was decreased by a conditioned medium from isogenic irradiated cells. The current
results showed that under hypoxic conditions, irradiated HepG2 and T98G cells showed
reduced radiosensitivity by increasing the expression of HIF-1α and induced a syngeneic
bystander effect by decreasing the expression of HIF-1α and regulating its downstream
target genes in both the irradiated or bystander cells.
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INTRODUCTION

Hypoxic regions are a common feature of most solid tumors,
have radioresistant biological effects, and represent the most
aggressive fraction of a tumor (Horsman et al., 2012; Peitzsch
et al., 2017; Busk et al., 2020). Recent experimental evidence has
shown that cells may respond directly to radiation exposure or
through communicated transmissible factors capable of inducing
cellular responses in non-irradiated cells, which is referred to
as the radiation-induced bystander effect (RIBE) (Shao et al.,
2003; Kamochi et al., 2008; Lorimore et al., 2008; Shao et al.,
2008a; Zhu et al., 2008; Heeran et al., 2019). The RIBE has
been demonstrated in a range of experimental systems and been
shown to induce DNA point mutations (Gaziev et al., 2008;
Nikitaki et al., 2016), DNA double-strand breaks (Shikazono
et al., 2009), genomic instability (Behar, 2008; Lorimore et al.,
2008), micronucleus formation (Shao et al., 2005, 2006; Xie
et al., 2015), change in gene expression (Xie et al., 2016),
apoptosis, and cell killing (Yasui et al., 2017). There may be
a close interrelationship between cellular bystander responses
and systemic tissue responses to radiation exposure including
abscopal effects and the involvement of immune signaling
(Formenti and Demaria, 2009; Prise and O’Sullivan, 2009; Griffin
et al., 2020a,b). Despite this, the role of RIBE in radiotherapy and
cancer risks associated with environmental, occupational, and
medical exposures remains to be fully elucidated. Furthermore,
the impact of factors within the tumor microenvironment
including hypoxia has not yet been determined.

The precise mechanisms underlying RIBE, especially under
hypoxic conditions, are still unclear. There is evidence that a
range of bystander signaling molecules, including free radicals
(Dong et al., 2015), protein factors (Shao et al., 2008a; Xie et al.,
2016), calcium ions (Shao et al., 2006), hormones, microRNA
(Palayoor et al., 2014), and extracellular vesicles (EVs) (Bewicke-
Copley et al., 2017), can be produced from irradiated cells
and play a role in the induction of bystander responses. In
addition, gap-junctional intercellular communication (GJIC) has
been shown to play an important role in the bystander response
of normal cells which have fully functional GJIC (Shao et al., 2003;
Frank et al., 2006). RIBE can be triggered by irradiated tumor cells
so that heritable damages are induced in surrounding tumor and
normal cells. For example, we found that when a small fraction
of glioblastoma cells T98G were targeted with localized ions from
a microbeam, additional micronucleus could be induced in the
neighboring cells of either T98G or normal human fibroblasts
(Mayer et al., 2012), which suggests that bystander response
may have two potential impacts on radiotherapy by increasing
the efficacy of tumor cell killing but simultaneously increasing
the secondary cancer risk via the production of genetic damage
occurs in normal bystander cells.

It has been noted that hypoxia can increase radioresistance
of malignant solid tumors through conspecific biological
mechanisms (Moeller et al., 2007; Li et al., 2010; Sun et al.,
2015). A key mechanism is via the transcription factor, hypoxia-
inducible factor 1 (HIF-1). Extensive research has shown that
increasing intratumoral hypoxia and HIF-1 activity correlate
with incidences of both tumor recurrence and distant tumor

metastasis as well as a poor prognosis and after radiation therapy.
HIF-1 is able to promote the growth of endothelial cells after
radiotherapy by inducing the expression of key downstream
genes, including vascular endothelial cell growth factor (VEGF)
(Ahn et al., 2014), carbonic anhydrase (CA9) (Chiche et al., 2009;
Logsdon et al., 2016), and glucose transporter (GLUT1) (Dungwa
et al., 2011), thus promoting the overall tumor radioresistance.
HIF-1 is a heterodimeric transcription factor consisting of
both an α-subunit (HIF-1α) and a β-subunit (HIF-1β). Its
activity is mainly dependent on the stability of HIF-1α, which
becomes relatively stable under hypoxia, then interacts with HIF-
1β to form the HIF-1 active heterodimer. This binds to its
enhancer sequence, the hypoxia-responsive element (HRE), and
induces the expression of key genes related to adapting cellular
metabolism to hypoxia, escaping or improvement in hypoxia, and
the resistance of malignant tumor to chemo and radiation therapy
(Prise and O’Sullivan, 2009; Semenza, 2009; Noman et al., 2019).

Here, we demonstrate a significant bystander response under
hypoxic conditions in two cell models, which is comparable
to that observed under oxic conditions, despite the reduction
in direct effect. This highlights an overall increased role for
bystander signaling under hypoxic conditions. A significant
role for ROS and NO in mediating the response is reported.
We also report that the increased expression of HIF-1α

and its downstream proteins in hypoxic-irradiated cells leads
to an increase of radioresistance but induces a bystander
effect via downregulating HIF-1α expression in hypoxic non-
irradiated bystander cells. These could have future benefits
for the development of therapeutic strategies for treatment
of hypoxic tumors.

MATERIALS AND METHODS

Cell Culture and Drugs
Human hepatoma cells HepG2 and human glioblastoma cells
T98G were obtained from Cancer Research UK, London, and
maintained in Dulbecco’s minimum essential medium (DMEM,
Gibco) supplied with 10% fetal calf serum (FCS, Gibco), 0.01%
sodium pyruvate (Sigma), 2 mM L-glutamine, 100 units/ml
penicillin, and 100 µg/ml streptomycin in humidified 95% air and
5% CO2 at 37 ◦C. For hypoxic incubation, cells were maintained
in an InvivO2-400 hypoxia workstation (Ruskinn Technology
Ltd., United Kingdom) with 94.9% N2, 5% CO2, and 0.1% O2 for
at least 12 h. Target cells were placed into a sealed aluminum box
at 37 ◦C with 95 % N2 and 5% CO2 for 4 h; after irradiation, target
cells were transferred into the hypoxic workstation for further
treatment. Bystander cells were cultured or treated while still in
the hypoxia workstation.

Dimethyl sulfoxide (DMSO), aminoguanidine (AG), cobalt
chloride (CoCl2), cytochalasin B (CB), and 7-aminoflavone (AF)
were purchased from Sigma (United Kingdom). HIF-1α siRNA
(h2, sc-44225) and control siRNA were purchased from Santa
Cruz Biotechnology, Inc (United Kingdom). Lipofectamine 2000
(Cat. No. 11668-019) was from Invitrogen (United Kingdom).
Opti-MEM-I was from Gibco (United Kingdom).
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Cell Irradiation
Log-phase cells were seeded and incubated overnight before
being incubated in the hypoxic workstation for 12 h. One hour
before irradiation, the culture medium was replaced by a serum-
free and hypoxic medium containing 10 mM HEPES and the
culture dishes were put into a custom-built aluminum box
flushed with 95% N2 and 5% CO2 (BOC, United Kingdom) for
cell irradiation. At room temperature, cells were irradiated with
225 kVp X-rays (2-mm copper-filtered, X-Rad 225, Precision
X-ray Inc., United States) at a dose rate of 0.59 Gy/min.

In the experiments where cells were treated before irradiation
with 1% DMSO or 20 µM AG for 1 h, after irradiation, the
medium was immediately replaced by a complete medium for
further experiments.

Generation of Conditioned Medium for
Cell Treatment
After irradiation, the medium was changed immediately. Two
hours later, the conditioned medium was collected from
irradiated cells and filtered through a 0.2-µm filter. Then, non-
irradiated cells were treated with the conditioned medium for
24 h with the following two methods. Group one (N2→N2),
bystander hypoxic cells were treated with the conditioned
medium generated from cells irradiated under hypoxia. Group
two (O2→O2), normoxic bystander cells were treated with the
conditioned medium harvested from irradiated normoxic cells.

Cell Co-culture
Under either normoxic or hypoxic condition, cells growing on
one coverslip were irradiated with X-rays and were then co-
cultured for 24 h with the same number of non-irradiated cells
growing on another coverslip within the same culture dish. After
this co-culture, micronucleus and cell survival were assayed in the
non-irradiated cells.

Treatment of Reagents
For chemical hypoxic treatment, normoxic HepG2 or T98G cells
were treated with 100 µM CoCl2 for 4 h before irradiation.
In specific experiments, hypoxic-irradiated cells were treated
with 1% DMSO or 20 µM AG, an inhibitor for NO, 1 h
before irradiation. AF was used to inhibit HIF-1α mRNA
expression and HIF-1α protein accumulation, and hypoxic-
irradiated or bystander cells were treated with 5 µM AF
for 4 h before irradiation or conditioned-medium treatment,
respectively. Transient inhibition of HIF-1α was carried out
by transfection with HIF-1α siRNA or control siRNA-A
using LipofectamineTM 2000 according to the manufacturer’s
instruction. After irradiation, the medium was immediately
replaced by a complete medium on irradiated cells for
further experiments.

Micronucleus Assay
Micronucleus induction was used as an endpoint for bystander
damage. The frequency of micronucleus formation was measured
using the cytokinesis-block technique (Fenech and Morley,
1986). After conditioned-medium treatment or co-culture

procedure, the cells were treated with 1 µg/ml CB for 28 h,
washed with PBS, fixed with methanol and acetic acid (9:1,
v/v) for 20 min, stained with 10 µg/ml Hoechst 33342 plus
10 µg/ml acridine orange for 5 min, and washed in water.
After air drying, the cells were mounted with Mount Medium
(Sigma, United Kingdom) then at least 1000 binucleated cells
were observed for micronuclei with a fluorescence microscope.
The micronucleus yield (YMN) was calculated as the ratio of the
number of micronuclei to the number of binucleated cells.

Cell Survival Assay
The irradiated HepG2 cells and T98G cells were trypsinized and
replated on 60-mm dishes at appropriate dilutions immediately
after irradiation with 0, 2, 4, or 8 Gy X-rays and incubated
for 10–14 days at 37◦C in a humidified atmosphere containing
5% CO2 and 95% air. To measure viability in bystander cells,
cells were treated with a conditioned medium for 24 h, then
treated as above. The colonies from irradiated or bystander
populations were fixed with 10% formalin, stained with 1%
methylene blue, and the colonies containing ≥50 cells were
counted to quantify clonogenic cell survival. Survival fraction was
calculated as the ratio of the plating efficiency of the irradiated
cells to the plating efficiency of cells which had not been irradiated
(controls). Data from three separate experiments are presented
as the mean ± SEM, and the error bars for all survival data
represent the 95% confidence intervals for normalized data points
as calculated by Fieller’s theorem (Gupta et al., 1996). The cell
survival curves were fitted with the multitarget single-hit mode of
survival fraction = 1 – (1 – exp(-D/D0))ˆN by optimizing variable
parameters D0 and N. A modified OER (oxygen enhancement
ration) was calculated as the ratio of D0 at hypoxia as at ambient
oxygen tension, i.e., OER = D0 (hypoxia)/D0 (normoxia).

Western Blotting
Cultured cells were harvested after the reported treatments (as
described as above), washed with cold PBS on ice, and lysed with
RIPA lysis buffer for protein extraction. After being denatured
at 100◦C for 10 min, aliquots of protein samples (20 µg) were
separated by electrophoresis on an SDS-polyacrylamide gel (4%
pycnotic gel and 10% separation gel, Bio-Rad Laboratories, Inc),
then transferred onto a polyvinylidene difluoride membrane
(Millipore Corporation), blocked for 1 h with 5% skimmed milk
in 0.05% Tris-buffered saline/Tween (TBST), and incubated with
a specific primary antibody (diluted 1:1000 in blocking buffer
for the rabbit anti-HIF-1α; Cell Signaling Technology, London,
United Kingdom), 1:500 for the rabbit anti-CA9 (Abcam,
Cambridge, United Kingdom), 1:1000 for the mouse anti-VEGF,
1:1000 for mouse anti-Glut 1, and 1:1000 for mouse anti-β-actin
(Abcam) overnight at 4◦C. Then, the membrane was washed
3× with TBST at room temperature for 10 min and incubated
with a secondary antibody (HRP-conjugated anti-mouse IgG
or anti-rabbit IgG; 1:5000, Abcam) for 1 h. The membrane
was detected by the enhanced chemiluminescence system (ECL
Advance, Amersham Biosciences) after several washes, and the
protein image was recorded using a BIO-RAD ChemiDoc XRS
and analyzed using Quantity One software (Bio-Rad, Hercules,
CA, United States).
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FIGURE 1 | The role of hypoxia on radioresistance in HepG2 and T98G cells. The micronucleus yields of irradiated HepG2 cells and T98G cells (with 0, 0.5, 1, 2, 3,
or 5 Gy X-ray) were detected under normoxic or hypoxic conditions (A). Cell survival was analyzed for HepG2 cells (B) and T98G cells (C) under normoxic, hypoxic,
or 100 µM cobalt chloride (CoCl2) pretreatment. ***p < 0.01 between indicated groups.

Statistical Analysis
Statistical analysis was performed on the means of data obtained
from at least three independent experiments. Three replicates
were counted for each data point to quantify the micronucleus
induction. All results are presented as mean ± SEM, analyzed
with an ANOVA test. Statistical significance was defined
as P< 0.05.

RESULTS

Hypoxia-Induced Radioresistance
Chromosomal damage following direct irradiation was
determined by measuring micronucleus induction after cell
nuclear division. Figure 1A illustrates the yields of micronucleus
in both HepG2 and T98G cell lines as a function of dose under
normoxic and hypoxic conditions. T98G cells had higher yields
of micronucleus under both conditions compared to HepG2
cells. For both cell lines, normoxic cell radiosensitivity was

significantly higher than hypoxic cells. When the dose was
2 Gy, the yield of micronucleus in normoxic cells to the yield of
micronucleus in hypoxic cells ratio was 1.6 and 2.4 for HepG2
cells and T98G cells, respectively. The radiosensitivity of hypoxic
cells was increased under hypoxic conditions (Figures 1B,C).
The OER of HepG2 and T98G cell was 2.56 and 2.66, respectively.
Treatment of cells with CoCl2 gave the OERs of 2.41 and 2.26
in HepG2 and T98G cells, respectively. These results clearly
demonstrate that hypoxia induces significant radioresistance.

RIBE Played an Important Role in
Radiation Damage Under Hypoxia
Conditions
Figures 2A,B show that the micronucleus yields for both non-
irradiated bystander HepG2 cells and T98G cells significantly
increased when they were co-cultured with irradiated cells or
treated with the conditioned medium harvested from irradiated
cells under either normoxic or hypoxic conditions. It was found
that, for both cell lines, the treatment of conditioned medium
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FIGURE 2 | Micronucleus induction in non-irradiated bystander cells of HepG2 and T98G under hypoxic and normoxic conditions. The bystander cells were either
co-cultured with irradiated conspecific cells (CC-O2 and CC-N2) or treated with the conditioned medium (CM-O2 and CM-N2) harvested from irradiated conspecific
cells under the same oxygen conditions. The ratio of bystander micronucleus (A,B) to radiation-induced micronucleus of HepG2 cells (C) and T98G cells (D) under
hypoxic and normoxic conditions was plotted. a, p < 0.05 compared with the 0-Gy group; b, p < 0.05 compared with the 2-Gy group; c, p < 0.05 compared with
the normoxic group.

and co-culture generated a similar bystander response leading
to micronucleus induction. Moreover, the yields of bystander
micronucleus were also similar under normoxic and hypoxic
conditions. Although the hypoxic cells are radioresistant, the
irradiated tumor cells can induce a similar bystander effect
of micronucleus induction under different oxygen conditions.
Further calculation showed that, for both cell lines, the ratio of the
yield of micronucleus in bystander cells to the yield of irradiation-
induced micronucleus in hypoxia was higher than that detected
under normoxia (see Figures 2C,D). This result indicates that
RIBE may play a more significant role in the overall radiation
damage response of hypoxic cells.

RIBE Was Induced by Free Radical Under
Hypoxic Conditions
Our previous studies have showed that ROS and NO contribute
to the RIBE of normoxic tumor cells including HepG2 and T98G

cells. To investigate whether these free radicals are involved
in the RIBE in hypoxic cells, we incubated the hypoxic cells
with either DMSO or AG 1 h before and during irradiation.
Two hours post-irradiation, the conditioned medium without
the drug was harvested and transferred to non-irradiated
bystander cells that were further cultured for 24 h under
hypoxic conditions until micronucleus or clonogenic assay.
The representative results of bystander effects were illustrated
in Figure 3 where the donor tumor cells, with or without
free radical scavenger treatment, were irradiated with 5 Gy
X-rays. It can be seen that, for both HepG2 and T98G cells,
treatment of cells with DMSO or AG significantly reduced the
yield of bystander micronucleus (Figures 3A,B) and increased
the relative cell survival (Figures 3C,D) of hypoxic cells, but
the yields of remaining micronucleus, or the relative cell
survival, did not completely return to control levels. This
may be because free radicals and other related bystander
signals were scavenged or inhibited by DMSO and AG only
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FIGURE 3 | Influence of DMSO and aminoguanidine (AG) on the bystander effect in HepG2 cells and T98G cells under hypoxic conditions. Bystander tumor cells
were treated with the conditioned medium harvested from irradiated conspecific cells. (A,C) Micronucleus induction in the bystander cells. (B,D) Survival fractions of
bystander cells. a, p < 0.05 compared with the 0-Gy group; b, p < 0.05 compared with the 5-Gy group without chemical treatment.

during irradiation, as the cell culture medium was replaced,
after irradiation, with a fresh medium without scavenger.
Subsequent bystander signaling factors could be released from
irradiated cells in the conditioned medium further inducing
bystander responses.

HIF-1α Status of Irradiated Cells
Determined RIBE Under Hypoxia
Conditions
To investigate the effect of HIF-1α on the RIBE under hypoxic
conditions, cells were pretreated to inhibit HIF-1α (HIF-1α

siRNA or chemical inhibitor AF) before irradiation, then
harvested and the removed conditioned medium added to
hypoxic bystander cells. Results showed that, for both HepG2 and
T98G cells, pretreatment of irradiated cells with AF or siRNA
inhibited the expression of HIF-1α and significantly reduced
the yield of bystander micronucleus of hypoxic bystander cells
although the yields of the remaining micronucleus were still
higher than the control values (Figures 4A,B). The yields of
micronucleus were decreased from 0.103 to 0.069 and 0.068 on

HepG2 cells or from 0.31 to 0.215 and 0.234 on T98G cells by
HIF-1α siRNA or AF treatment, respectively. Simultaneously,
the relative cell survival of both hypoxic bystander cells were
increased (Figures 4C,D) compared with 5 Gy without treatment;
the survival fraction was increased from 0.66 to 0.804 and 0.859
in HepG2 cells or from 0.692 to 0.956 and 0.875 in T98G
cells by the treatment of HIF-1α siRNA or AF, respectively.
These data showed that, in hypoxic-irradiated cells, in the
absence of HIF-1α expression the bystander damage in the
hypoxic bystander cells was significantly reduced. It can be
seen that HIF-1α also plays a key role in the RIBE under
hypoxic conditions.

In order to explore the action of HIF-1α in the RIBE,
both irradiated and bystander cells were pretreated with
HIF1-α siRNA. Compared with irradiated controls, the yields
of micronucleus of bystander cells were decreased from
0.105 to 0.085, 0.069, or 0.054 in HepG2 cells and from
0.307 to 0.265, 0.215, or 0.209 in T98G cells in three groups
(bystander-inhibition group, target-inhibition group, and
both bystander and target-inhibition group), respectively
(Figures 5A,B). Significantly, the decrease in levels in the
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FIGURE 4 | Influence of HIF-1α on the bystander effect of HepG2 cells and T98G cells under hypoxic conditions. Bystander tumor cells were treated with the
conditioned medium harvested from irradiated conspecific cells, which were pretreated with HIF-1α siRNA and 5 µM 7-aminoflavone under hypoxic conditions.
(A,C) Micronucleus induction in the bystander cells. (B,D) Survival fractions of bystander cells. a, p < 0.05 compared with the 0-Gy group; b, p < 0.05 compared
between the 5-Gy group under different oxygen conditions.

target-inhibition group or both target and bystander-inhibition
group was higher than that of the bystander only-inhibition
group. Similar results were observed for cell survival in both
cell lines (shown in Figures 5C,D). The relative survival
fraction was increased significantly from 0.666 to 0.804 or
0.811 for HepG2 cells and from 0.779 to 0.956 or 0.929
for T98G cells in the target-inhibition group or both target
and bystander-inhibition group, respectively. Regardless
of whether bystander cells were pretreated with HIF-1α

siRNA, as long as target cells were pretreated with siRNA,
the impact was higher than the other two groups (bystander-
inhibition group and control group). Interestingly, if only
bystander cells were pretreated with HIF-1α siRNA, the
relative survival fraction was not markedly changed. These
results confirm that HIF-1α is a key player in the RIBE
detected under hypoxic conditions. It is significant that the
hypoxic RIBE is regulated mainly by HIF-1α expression
derived from irradiated cells, with no tight relationship

with autochthonous HIF-1α expression level in hypoxic
bystander cells.

HIF-1α Was Involved in Radiation
Damage in Hypoxia-Exposed Cells by
Controlling Downstream Genes
For both HepG2 cells and T98G cells, HIF-1α expression was
increased markedly in hypoxic-irradiated cells and it was also
increased along with the hypoxic incubation time and post-
irradiation time (Figure 6). For HepG2 cells, the expression of
GLUT-1 and CA9 showed a similar trend to HIF-1α expression.
However, VEGF expression was only induced by hypoxia and not
by irradiation. For T98G cells, the expressions of GLUT-1, CA9,
and VEGF were all increased by hypoxia treatment and were
increased slightly at 8 h and 4 h after irradiation. Overall, the
changes in levels of GLUT-1, CA9, and VEGF all followed their
upstream gene HIF-1α. In addition, for both HepG2 cells and
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FIGURE 5 | Inhibition responses of HIF-1α expression on the target (irradiated) and/or bystander HepG2 cells and T98G cells under hypoxic conditions. Four groups
in this experiment: Control group, bystander cells only were treated with the conditioned-medium from irradiated conspecific cells; Inhibition of bystander cells, only
bystander cells were pretreated with HIF-1α siRNA, then incubated with the conditioned medium from irradiated conspecific cells. Inhibition of target cells, only
target cells pretreated with HIF-1α siRNA, then harvested and the conditioned medium transferred to bystander cells. Inhibition on both target and bystander cells,
target and bystander cells were pretreated with HIF-1α siRNA, then the conditioned medium added to bystander cells. (A,C) Micronucleus induction in the bystander
cells. (B,D) Survival fractions of bystander cells. a, p < 0.05 compared with the 0-Gy group; b, p < 0.05 compared with the 5-Gy group without treatment.

T98G cells, CoCl2 can induce an increased expression of HIF-1α

to a similar extent to that produced by hypoxia (Figure 7). HIF-1α

expression was markedly inhibited by both AF and HIF-1α siRNA
pretreatment. Sequential irradiation did not promote HIF-1α

expression under HIF-1α inhibitory conditions. The downstream
expression of proteins such as CA9, GLUT-1, and VEGF was
increased following the high expression of HIF-1α, either by
hypoxia or with CoCl2, and decreased with the low expression
of HIF-1α by either siRNA or AF treatment. This confirmed
that HIF-1α plays an important role in the irradiation-mediated
damage response under hypoxic conditions and in controlling its
downstream proteins.

Complex Mechanisms of HIF-1α Protein
in Hypoxia Bystander Cells
Two hours after irradiation, the conditioned medium was
harvested and transferred to bystander cells; 24 h later, the

bystander expression of HIF-1α and downstream proteins was
determined (Figures 8A,B). Interestingly, the expression of HIF-
1α in hypoxic bystander HepG2 and T98G cells was significantly
decreased by conditioned-medium treatment in contrast to the
increase observed in directly irradiated cells. In bystander HepG2
cells, the conditioned medium also inhibited the expression of
downstream signal factors VEGF and CA9, but there was no
marked inhibition of GLUT-1. In contrast, to bystander T98G
cells, following depressed expression of HIF-1α, VEGF was
decreased slightly (p > 0.05), whereas CA9 and GLUT-1 were
increased significantly (p < 0.05). In addition, the expression
of bystander HIF-1α in hypoxic HepG2 cells and T98G cells
was increased significantly by the conditioned medium from
specific target cells which were pretreated with HIF-1α siRNA,
but this had no notable impact on CA9, GLUT-1, and VEGF
(Figures 8C,D). This illustrated that different cell lines have
different signaling pathway responses to the conditioned medium
under hypoxic conditions. In addition, the expressions of HIF-1α
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FIGURE 6 | Expression of HIF-1α and its downstream proteins in irradiated hepatoma cells. Proteins were obtained from the two cell lines of HepG2 cells (A,B) and
T98G cells (C,D) at 0, 2, 8, and 24 h post 5 Gy X-ray irradiation. The expression level of HIF-1α and its downstream proteins was compared with the corresponding
β-actin and then normalized to that protein from cells under normoxia conditions. a, p < 0.05, compared with the normoxic control in the absence of irradiation.

and downstream genes in bystander cells were mainly regulated
by those signaling factors from target cells but not by the
autologous hypoxic environment. It also highlights that HIF-1α

plays a different role for the direct radiation damage effect and the
radiation inducible bystander effect and leads to complex signal
transmission in the RIBE under hypoxic conditions.

DISCUSSION

Hypoxia is a major barrier for effective tumor therapy as it
increases a tumor’s resistance to chemotherapy and radiotherapy
(Span and Bussink, 2015; Busk et al., 2020). In addition,
radiation-induced bystander effects may enhance the curative
efficacy of external beam radiotherapy but may also cause fatal
genetic damage to non-irradiated normal cells or induce adaptive

responses to non-irradiated tumor cells, adversely affecting the
overall outcome of radiotherapy (Prise and O’Sullivan, 2009;
Xie et al., 2016; Griffin et al., 2020a,b). This study showed
that the radiosensitivity of hepatoma cells and glioblastoma
cells under normoxic conditions was higher than that under
hypoxic conditions (shown in Figure 1), i.e., there is a hypoxia-
mediated radioresistance effect on tumor cells. Our data also
demonstrate that under hypoxic conditions irradiated tumor cells
can release active signaling factors into the cell culture medium
leading to damage in non-irradiated bystander cells (shown
in Figures 2A,B). Interestingly, the yields of micronucleus
in bystander cells under different oxygen conditions are not
significant different so that the ratio of bystander micronucleus
to radiation directly induced micronucleus in hypoxic cells is
higher than that of normoxic cells (shown in Figures 2C,D).
This result may have important implications for targeted tumor
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FIGURE 7 | Expressions of HIF-1α and downstream proteins in hypoxic-irradiated cells pretreated with HIF-1α inhibitor treatment. The HepG2 cells (A,C) and T98G
cells (B,D) were pretreated with or without 100 µM CoCl2, 5 µM 7-aminoflavone for 4 h, and HIF-1α siRNA for 24 h before irradiation under normoxic or hypoxic
conditions, then nuclear or whole proteins were collected and analyzed at 4 h post 5 Gy X-irradiation. The HIF-1α signal and its downstream proteins were
compared with the corresponding β-actin and then normalized to that protein under hypoxia. a, p < 0.05 compared with the normoxic control; b, p < 0.05
compared with the hypoxic control without irradiation.
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FIGURE 8 | Expression of HIF-1α and related downstream proteins on the bystander cells induced by the conditioned medium under hypoxic conditions. (A,B)
Hypoxic bystander cells were treated with the conditioned medium from hypoxic-irradiated HepG2 and T98G cells. (C,D) Hypoxic bystander cells were exposed to
the conditioned medium from irradiated cells with or without inhibitor pretreatment. Each HIF-1α signal and its downstream protein were compared with the
corresponding β-actin signal and then normalized to that protein under hypoxia conditions. a, p < 0.05 compared with the hypoxic control without irradiation.

radiotherapy. Since the radiosensitivity of hypoxic tumor cells
is lower than that of normoxic cells, the cell killing effect of
bystander response could play a key role in radiation-induced
lethal effect in tumor cells. In our study, two methods, i.e.,
conditioned medium transfer and cell co-culture, were used for
RIBE investigation and it was found that they could lead to the
measurement of similar levels of bystander damage (shown in
Figures 2A,B). During cell co-culture, signaling factors released
from irradiated cells can diffuse freely interacting with non-
irradiated bystander cells leading to the induction of bystander
damage. During a few hours of cell co-culture, bystander damage
can accumulate, while some damaged cells may disappear by
necrosis. For the medium transfer experiment, the signaling

factors released from irradiated cells are concentrated in the
conditioned medium and affect the bystander cells at a defined
time. Since conditioned-medium and cell-co-culture treatment
leads to similar bystander responses, this suggests that the
bystander signaling factors are relatively stable in the medium.
Recent studies have also investigated the potential impact of
modulated beams on the response of hypoxic cells to mimic
the steep gradients observed with advanced radiotherapies.
By using shielding strategies, bystander signaling between
irradiated and non-irradiated areas of a cell culture can be
compared (Butterworth et al., 2011). Similarly to what is
observed here, although an oxygen dependency of directly
irradiated cells was observed, under hypoxia no significant
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difference in the out-of-field (bystander) response was observed
(Thompson et al., 2017).

It has been known that the generation of ROS and NO is
an early event of RIBE on both normal cells and tumor cells
under normoxic conditions (Shao et al., 2008c; He et al., 2012;
Zhang et al., 2012), which is consistent with present results in
Figure 3 where DMSO and AG partly suppressed the RIBE in
HepG2 and T98G cells. Importantly, it is reported here that ROS
and NO also contribute to the RIBE in these tumor cells under
hypoxic conditions. Others also reported that ROS could be
induced in the irradiated hypoxic cells. Lee et al. (2008) found that
intracellular ROS was significantly increased in proton-irradiated
HCT116 cells under hypoxia conditions and this contributed to
radiation-induced apoptosis that could be abolished by treatment
with the antioxidant N-acetyl cysteine (NAC). NO can act
as an effective hypoxic cell radiosensitizer, by mimicking the
effects of oxygen via fixation of radiation-induced DNA damage;
however, the required levels cannot be observed in vivo because
of vasoactive complications (De Ridder et al., 2008a,b). However,
ROS and NO free radicals have very short half-lives and cannot
be maintained stably in the conditioned medium, and thus they
may partly play roles as bystander signaling factors by regulating
other downstream cytokines (Meng et al., 2018). For instance,
radiation-induced cytochrome C (Cyt-C) has a significant role
in regulating bystander effect through an iNOS-triggered NO
signal (He et al., 2012), and transforming growth factor β1 (TGF-
β1) can be activated by NO stress in a dose- or time-dependent
fashion and it can further induce bystander responses including
secondary free radicals and chromosome damage (Shao et al.,
2008b,c). Our data support the concept that there must be other
biological mechanisms mediating a hypoxic radiation-inducible
bystander effect, in addition to the free radical effect induced
directly by irradiation.

Among various intrinsic and extrinsic factors, HIF-1α is the
key mediator of hypoxic signal transduction, controlling the
expression of more than 100 genes and exerting a diverse and
complex impact on tumor radiotherapy. In response to hypoxia,
HIF-1α induces VEGF and PDGF, which leads to angiogenesis
and also promotes cell survival by increasing glucose transport,
converting cellular metabolism to the glycolytic system (Clara
et al., 2014; Bajbouj et al., 2017). HIF-1 can also induce cell-cycle
arrest (Clara et al., 2014) and inhibit apoptosis signals (Sun et al.,
2015), which could result in decreased radiosensitivity. Our study
has shown that HIF-1α can be activated and induced not only
by hypoxia but also by irradiation (Figure 6) in both HepG2
cells and T98G cells, and its expression increased following
time under hypoxic and post-irradiation time. Downstream
protein (VEGF, GLUT-1, and CA9) expression also increased
following increased HIF-1α expression. Cells were pretreated
with HIF-1α siRNA or a chemical inhibitor of HIF-1α (7-
aminoflavone, AF) before irradiation, showing a significantly
decreased expression of HIF-1α and its downstream proteins
(shown in Figure 7). Radiosensitivity, measured using a cell
survival assay (shown in Figure 1), under hypoxic conditions,
was increased by suppression of HIF-1α expression. These results
confirm that HIF-1α can play an important role in hypoxia-
induced radioresistance. HIF-1α becomes activated in response

to radiation exposure in hypoxic solid tumors and functions
by protecting tumor blood vessels from the cytotoxic effects of
radiation via inducing the expressions of VEGF, GLUT-1, or
CA9, assuring the delivery of oxygen and nutrients to cells, and
eventually accelerating tumor (Horsman et al., 2012; Towner
et al., 2013). So, a blockade of activity of HIF-1 enhances the
therapeutic effect of radiation.

In addition, based on our results that bystander effects play
an important role in radiation-induced lethal effects of tumor
cells under hypoxic conditions, greater than that under normoxic
conditions, we determined the effect of HIF-1α on RIBE. When
hypoxic-irradiated tumor cells were pretreated with an HIF-
1α inhibitor, the DNA damage in the non-irradiated bystander
cells was attenuated, while cell survival of bystander cells was
increased. Interestingly, this was only observed when either
irradiated only or irradiated and bystander cells were inhibited.
If Hif-1α is inhibited only in hypoxic bystander cells, cell survival
does not change and a decreased level of micronucleus yield is
observed in comparison to inhibition of irradiated or irradiated
plus bystander cells. In contrast to irradiated cells, the expression
of HIF-1α in hypoxic bystander cells was decreased following the
treatment with the conditioned medium from hypoxic-irradiated
cells (shown in Figures 8A,B), and no changes in downstream
proteins were observed. In the HepG2 cell line, the expression
of CA9 and VEGF reduced coinciding with the decrease of
HIF-1α, but no change was observed in GLUT-1. However, in
T98G cells, there was no change in VEGF, whereas GLUT1 and
CA9 were both increased significantly. When irradiated cells
were pretreated with an inhibitor of HIF-1α, the expression of
bystander HIF-1α was increased, but there was no change in the
other three proteins (shown in Figures 8C,D). It is thus evident
that the mechanism underlying a bystander effect is dependent
on cell-type specificity. Overall, combining our results, it could be
postulated that the contribution of HIF-1α in irradiated (directly
targeted) cells is greater than that of non-irradiated bystander
cells to produce a hypoxic-dependent RIBE. Also, HIF-1α plays
a direct stimulating role in the hypoxia-induced radioresistance
of targeted cells via regulating downstream genes but plays
an adverse effect regarding a bystander effect. This result is
supported by previous reports that the gene expression profiles
of irradiated cells and bystander cells are significantly different
and that more than 50% of the genes upregulated in irradiated
cells could be downregulated in bystander cells. For example, the
NF-κB, p21Waf 1 (Iwakawa et al., 2008), and CSE/CBS (enzymes
which endogenously synthesize H2S) genes were activated in
irradiated cells, but not in bystander cells (Zhang et al., 2011,
2012). Downregulation of HIF-1α in bystander cells could reduce
the protective effect of HIF-1α, making bystander cells more
susceptible to bystander stress signaling, but not via downstream
genes such as VEGF, CA9, and GLUT-1 which were quantified in
our experiments.

In summary, hypoxia occurs in the microenvironment of solid
tumors as a result of the complex interaction of numerous factors,
including blood vessels, interstitial tissues, and tumor cells.
A radiation-inducible bystander effect plays a more significant
role in the overall damage response in tumor cells exposed
under hypoxic conditions. As well as free radicals, such as NO
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and ROS, induced by irradiation, HIF-1α and its downstream-
regulated proteins were involved. Under hypoxic conditions,
irradiated hepatoma carcinoma HepG2 or glioblastoma T98G
cells can promote the expression of HIF-1α, which would result
in radioresistance, but the conditioned medium from these
cells can inhibit HIF-1α expression and induce cell damage in
bystander cells. These findings suggest that inhibition of HIF-1α

may enhance radiosensitivity and reduce bystander cell damage,
and these could help deliver potential benefits to strategies for
therapeutic treatment of hypoxic tumors.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

CS, KP, and JZ contributed to the overall conception and design
of the study. GP and KB performed the acquisition and analysis
of the data. YZ and FM performed further processing of the
images. JZ constructed the first draft of the manuscript. CS
and KP revised the manuscript prior to submission. All authors
contributed to the article and approved the submitted version.

FUNDING

We acknowledge the support of Cancer Research UK
(C1513/A7047), Brainwaves NI, National Key R&D Program
of China (No. 2017YFC0108604), and National Natural Science
Foundation of China (Nos. 81672985 and 31770910).

REFERENCES
Ahn, G. O., Seita, J., Hong, B. J., Kim, Y. E., Bok, S., Lee, C. J., et al. (2014).

Transcriptional activation of hypoxia-inducible factor-1 (HIF-1) in myeloid
cells promotes angiogenesis through VEGF and S100A8. Proc. Natl. Acad. Sci.
U.S.A. 111, 2698–2703. doi: 10.1073/pnas.1320243111

Bajbouj, K., Shafarin, J., Abdalla, M. Y., Ahmad, I. M., and Hamad, M. (2017).
Estrogen-induced disruption of intracellular iron metabolism leads to oxidative
stress, membrane damage, and cell cycle arrest in MCF-7 cells. Tumour Biol. J.
Int. Soc. Oncodev. Biol. Med. 39, 1–12.

Behar, A. (2008). [Radiobiology base change: long term effects of ionizing
radiation]. Bull. Mem. Acad. R. Med. Belg. 163, 133–142;discussion143.

Bewicke-Copley, F., Mulcahy, L. A., Jacobs, L. A., Samuel, P., Akbar, N., Pink,
R. C., et al. (2017). Extracellular vesicles released following heat stress induce
bystander effect in unstressed populations. J. Extracell. Vesicles 6, 1340746.
doi: 10.1080/20013078.2017.1340746

Busk, M., Overgaard, J., and Horsman, M. R. (2020). Imaging of tumor hypoxia
for radiotherapy: current status and future directions. Semin. Nucl. Med. 50,
562–583. doi: 10.1053/j.semnuclmed.2020.05.003

Butterworth, K. T., McGarry, C. K., Trainor, C., O’Sullivan, J. M., Hounsell,
A. R., and Prise, K. M. (2011). Out-of-field cell survival following exposure
to intensity-modulated radiation fields. Int. J. Radiat. Oncol. Biol. Phys. 79,
1516–1522. doi: 10.1016/j.ijrobp.2010.11.034

Chiche, J., Ilc, K., Laferriere, J., Trottier, E., Dayan, F., Mazure, N. M., et al. (2009).
Hypoxia-inducible carbonic anhydrase IX and XII promote tumor cell growth
by counteracting acidosis through the regulation of the intracellular pH. Cancer
Res. 69, 358–368. doi: 10.1158/0008-5472.can-08-2470

Clara, C. A., Marie, S. K., de Almeida, J. R., Wakamatsu, A., Oba-Shinjo, S. M.,
Uno, M., et al. (2014). Angiogenesis and expression of PDGF-C, VEGF, CD105
and HIF-1alpha in human glioblastoma. Neuropathol. J. Jpn. Soc. Neuropathol.
34, 343–352.

De Ridder, M., Van Esch, G., Engels, B., Verovski, V., and Storme, G. (2008a).
Hypoxic tumor cell radiosensitization: role of the iNOS/NO pathway. Bull.
Cancer 95, 282–291.

De Ridder, M., Verellen, D., Verovski, V., and Storme, G. (2008b). Hypoxic tumor
cell radiosensitization through nitric oxide. Nitric Oxide 19, 164–169. doi:
10.1016/j.niox.2008.04.015

Dong, C., He, M., Tu, W., Konishi, T., Liu, W., Xie, Y., et al. (2015). The differential
role of human macrophage in triggering secondary bystander effects after either
gamma-ray or carbon beam irradiation. Cancer Lett. 363, 92–100. doi: 10.1016/
j.canlet.2015.04.013

Dungwa, J. V., Hunt, L. P., and Ramani, P. (2011). Overexpression of carbonic
anhydrase and HIF-1alpha in Wilms tumours. BMC Cancer 11:390. doi: 10.
1186/1471-2407-11-390

Fenech, M., and Morley, A. A. (1986). Cytokinesis-block micronucleus method in
human lymphocytes: effect of in vivo ageing and low dose X-irradiation. Mutat.
Res. 161, 193–198. doi: 10.1016/0027-5107(86)90010-2

Formenti, S. C., and Demaria, S. (2009). Systemic effects of local radiotherapy.
Lancet. Oncol. 10, 718–726. doi: 10.1016/s1470-2045(09)70082-8

Frank, D. K., Szymkowiak, B., and Hughes, C. A. (2006). Connexin expression and
gap junctional intercellular communication in human squamous cell carcinoma
of the head and neck. Otolaryngol. Head Neck Surg. J. Am. Acad. Otolaryngol.
Head Neck Surg. 135, 736–743. doi: 10.1016/j.otohns.2006.06.1242

Gaziev, A. I., Guliaeva, N. A., Bel’skaia, I. I., Muksinova, K. N., Zakharova, M. L.,
Fomenko, L. A., et al. (2008). [The use of temporal temperature gradient gel
electrophoresis to reveal mutations in peripheral blood mitochondrial DNA].
Radiat. Biol. Radioecol. 48, 133–138.

Griffin, R. J., Ahmed, M. M., Amendola, B., Belyakov, O., Bentzen, S. M.,
Butterworth, K. T., et al. (2020a). Understanding high-dose, ultra-high dose-
rate and, spatially fractionated radiotherapy. Int. J. Radiat. Oncol. Biol. Phys.
107, 766–778.

Griffin, R. J., Prise, K. M., McMahon, S. J., Zhang, X., Penagaricano, J., and
Butterworth, K. T. (2020b). History and current perspectives on the biological
effects of high-dose spatial fractionation and high dose-rate approaches: GRID,
Microbeam & FLASH radiotherapy. Br. J. Radiol. 93, 20200217. doi: 10.1259/
bjr.20200217

Gupta, N., Lamborn, K., and Deen, D. F. (1996). A statistical approach for
analyzing clonogenic survival data. Radiat. Res. 145, 636–640. doi: 10.2307/
3579284

He, M., Ye, S., Ren, R., Dong, C., Xie, Y., Yuan, D., et al. (2012). Cytochrome-c
mediated a bystander response dependent on inducible nitric oxide synthase
in irradiated hepatoma cells. Br. J. Cancer 106, 889–895. doi: 10.1038/bjc.
2012.9

Heeran, A. B., Berrigan, H. P., and O’Sullivan, J. (2019). The radiation-induced
bystander effect (RIBE) and its connections with the hallmarks of cancer.
Radiat. Res. 192, 668–679. doi: 10.1667/rr15489.1

Horsman, M. R., Mortensen, L. S., Petersen, J. B., Busk, M., and Overgaard, J.
(2012). Imaging hypoxia to improve radiotherapy outcome. Nat. Rev. Clin.
Oncol. 9, 674–687. doi: 10.1038/nrclinonc.2012.171

Iwakawa, M., Hamada, N., Imadome, K., Funayama, T., Sakashita, T., Kobayashi,
Y., et al. (2008). Expression profiles are different in carbon ion-irradiated
normal human fibroblasts and their bystander cells. Mutat. Res. 642, 57–67.
doi: 10.1016/j.mrfmmm.2008.04.007

Kamochi, N., Nakashima, M., Aoki, S., Uchihashi, K., Sugihara, H., Toda, S., et al.
(2008). Irradiated fibroblast-induced bystander effects on invasive growth of
squamous cell carcinoma under cancer-stromal cell interaction. Cancer Sci. 99,
2417–2427. doi: 10.1111/j.1349-7006.2008.00978.x

Lee, K. B., Kim, K. R., Huh, T. L., and Lee, Y. M. (2008). Proton induces apoptosis
of hypoxic tumor cells by the p53-dependent and p38/JNK MAPK signaling
pathways. Int. J. Oncol. 33, 1247–1256.

Li, Q., Zhang, J., Wang, W., Liu, J., Zhu, H., Chen, W., et al. (2010). Connexin40
modulates pulmonary permeability through gap junction channel in acute lung
injury after thoracic gunshot wounds. J. Trauma 68, 802–809. doi: 10.1097/ta.
0b013e3181bb80ea

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 March 2021 | Volume 9 | Article 637454

https://doi.org/10.1073/pnas.1320243111
https://doi.org/10.1080/20013078.2017.1340746
https://doi.org/10.1053/j.semnuclmed.2020.05.003
https://doi.org/10.1016/j.ijrobp.2010.11.034
https://doi.org/10.1158/0008-5472.can-08-2470
https://doi.org/10.1016/j.niox.2008.04.015
https://doi.org/10.1016/j.niox.2008.04.015
https://doi.org/10.1016/j.canlet.2015.04.013
https://doi.org/10.1016/j.canlet.2015.04.013
https://doi.org/10.1186/1471-2407-11-390
https://doi.org/10.1186/1471-2407-11-390
https://doi.org/10.1016/0027-5107(86)90010-2
https://doi.org/10.1016/s1470-2045(09)70082-8
https://doi.org/10.1016/j.otohns.2006.06.1242
https://doi.org/10.1259/bjr.20200217
https://doi.org/10.1259/bjr.20200217
https://doi.org/10.2307/3579284
https://doi.org/10.2307/3579284
https://doi.org/10.1038/bjc.2012.9
https://doi.org/10.1038/bjc.2012.9
https://doi.org/10.1667/rr15489.1
https://doi.org/10.1038/nrclinonc.2012.171
https://doi.org/10.1016/j.mrfmmm.2008.04.007
https://doi.org/10.1111/j.1349-7006.2008.00978.x
https://doi.org/10.1097/ta.0b013e3181bb80ea
https://doi.org/10.1097/ta.0b013e3181bb80ea
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-637454 March 19, 2021 Time: 12:33 # 14

Zhang et al. RIBE Hypoxia

Logsdon, D. P., Grimard, M., Luo, M., Shahda, S., Jiang, Y., Tong, Y., et al.
(2016). Regulation of HIF1alpha under Hypoxia by APE1/Ref-1 Impacts CA9
expression: dual targeting in patient-derived 3D pancreatic cancer models. Mol.
Cancer Ther. 15, 2722–2732. doi: 10.1158/1535-7163.mct-16-0253

Lorimore, S. A., Chrystal, J. A., Robinson, J. I., Coates, P. J., and Wright, E. G.
(2008). Chromosomal instability in unirradiated hemaopoietic cells induced by
macrophages exposed in vivo to ionizing radiation. Cancer Res. 68, 8122–8126.
doi: 10.1158/0008-5472.can-08-0698

Mayer, A., Schneider, F., Vaupel, P., Sommer, C., and Schmidberger, H.
(2012). Differential expression of HIF-1 in glioblastoma multiforme and
anaplastic astrocytoma. Int. J. Oncol. 41, 1260–1270. doi: 10.3892/ijo.2012.
1555

Meng, L., Cheng, Y., Tong, X., Gan, S., Ding, Y., Zhang, Y., et al. (2018). Tumor
oxygenation and hypoxia inducible factor-1 functional inhibition via a reactive
oxygen species responsive nanoplatform for enhancing radiation therapy
and Abscopal effects. ACS Nano 12, 8308–8322. doi: 10.1021/acsnano.8b0
3590

Moeller, B. J., Richardson, R. A., and Dewhirst, M. W. (2007). Hypoxia and
radiotherapy: opportunities for improved outcomes in cancer treatment.
Cancer Metastasis Rev. 26, 241–248. doi: 10.1007/s10555-007-9056-0

Nikitaki, Z., Mavragani, I. V., Laskaratou, D. A., Gika, V., Moskvin, V. P.,
Theofilatos, K., et al. (2016). Systemic mechanisms and effects of ionizing
radiation: a new ’old’ paradigm of how the bystanders and distant can become
the players. Semin. Cancer Biol. 37-38, 77–95. doi: 10.1016/j.semcancer.2016.
02.002

Noman, M. Z., Hasmim, M., Lequeux, A., Xiao, M., Duhem, C., Chouaib, S.,
et al. (2019). Improving cancer immunotherapy by targeting the hypoxic tumor
microenvironment: new opportunities and challenges. Cells 8, 1083. doi: 10.
3390/cells8091083

Palayoor, S. T., John-Aryankalayil, M., Makinde, A. Y., Falduto, M. T.,
Magnuson, S. R., and Coleman, C. N. (2014). Differential expression of
stress and immune response pathway transcripts and miRNAs in normal
human endothelial cells subjected to fractionated or single-dose radiation.
Mol. Cancer Res. MCR 12, 1002–1015. doi: 10.1158/1541-7786.mcr-13-
0623

Peitzsch, C., Tyutyunnykova, A., Pantel, K., and Dubrovska, A. (2017). Cancer
stem cells: the root of tumor recurrence and metastases. Semin. Cancer Biol.
44, 10–24. doi: 10.1016/j.semcancer.2017.02.011

Prise, K. M., and O’Sullivan, J. M. (2009). Radiation-induced bystander signalling
in cancer therapy. Nat. Rev. Cancer 9, 351–360. doi: 10.1038/nrc2603

Semenza, G. L. (2009). Regulation of cancer cell metabolism by hypoxia-inducible
factor 1. Semin. Cancer Biol. 19, 12–16. doi: 10.1016/j.semcancer.2008.11.
009

Shao, C., Folkard, M., Held, K. D., and Prise, K. M. (2008a). Estrogen enhanced
cell-cell signalling in breast cancer cells exposed to targeted irradiation. BMC
Cancer 8:184. doi: 10.1186/1471-2407-8-184

Shao, C., Folkard, M., Michael, B. D., and Prise, K. M. (2005). Bystander signaling
between glioma cells and fibroblasts targeted with counted particles. Int. J.
Cancer 116, 45–51. doi: 10.1002/ijc.21003

Shao, C., Folkard, M., and Prise, K. M. (2008b). Role of TGF-beta1 and nitric oxide
in the bystander response of irradiated glioma cells. Oncogene 27, 434–440.
doi: 10.1038/sj.onc.1210653

Shao, C., Furusawa, Y., Aoki, M., and Ando, K. (2003). Role of gap junctional
intercellular communication in radiation-induced bystander effects in human
fibroblasts. Radiat. Res. 160, 318–323. doi: 10.1667/rr3044

Shao, C., Lyng, F. M., Folkard, M., and Prise, K. M. (2006). Calcium fluxes modulate
the radiation-induced bystander responses in targeted glioma and fibroblast
cells. Radiat. Res. 166, 479–487. doi: 10.1667/rr3600.1

Shao, C., Prise, K. M., and Folkard, M. (2008c). Signaling factors for irradiated
glioma cells induced bystander responses in fibroblasts. Mutat. Res. 638, 139–
145. doi: 10.1016/j.mrfmmm.2007.09.007

Shikazono, N., Noguchi, M., Fujii, K., Urushibara, A., and Yokoya, A. (2009).
The yield, processing, and biological consequences of clustered DNA damage
induced by ionizing radiation. J. Radiat. Res. 50, 27–36. doi: 10.1269/jrr.08086

Span, P. N., and Bussink, J. (2015). Biology of hypoxia. Semin. Nucl. Med. 45,
101–109.

Sun, Y., Xing, X., Liu, Q., Wang, Z., Xin, Y., Zhang, P., et al. (2015). Hypoxia-
induced autophagy reduces radiosensitivity by the HIF-1alpha/miR-210/Bcl-2
pathway in colon cancer cells. Int. J. Oncol. 46, 750–756. doi: 10.3892/ijo.2014.
2745

Thompson, H. F., Butterworth, K. T., McMahon, S. J., Ghita, M., Hounsell, A. R.,
and Prise, K. M. (2017). The impact of hypoxia on out-of-field cell survival after
exposure to modulated radiation fields. Radiat. Res. 188, 636–644.

Towner, R. A., Gillespie, D. L., Schwager, A., Saunders, D. G., Smith, N., Njoku,
C. E., et al. (2013). Regression of glioma tumor growth in F98 and U87 rat
glioma models by the Nitrone OKN-007. Neuro Oncol. 15, 330–340. doi:
10.1093/neuonc/nos337

Xie, Y., Tu, W., Zhang, J., He, M., Ye, S., Dong, C., et al. (2015). SirT1
knockdown potentiates radiation-induced bystander effect through promoting
c-Myc activity and thus facilitating ROS accumulation. Mutat. Res. 772, 23–29.
doi: 10.1016/j.mrfmmm.2014.12.010

Xie, Y., Ye, S., Zhang, J., He, M., Dong, C., Tu, W., et al. (2016). Protective effect
of mild endoplasmic reticulum stress on radiation-induced bystander effects in
hepatocyte cells. Sci. Rep. 6, 38832.

Yasui, H., Yamamoto, K., Suzuki, M., Sakai, Y., Bo, T., Nagane, M., et al. (2017).
Lipophilic triphenylphosphonium derivatives enhance radiation-induced cell
killing via inhibition of mitochondrial energy metabolism in tumor cells.Cancer
Lett. 390, 160–167. doi: 10.1016/j.canlet.2017.01.006

Zhang, J., Xie, Y., Xu, Y., Pan, Y., and Shao, C. (2011). Hydrogen sulfide contributes
to hypoxia-induced radioresistance on hepatoma cells. J. Radiat. Res. 52, 622–
628. doi: 10.1269/jrr.11004

Zhang, J., Xie, Y., Xu, Y., and Shao, C. (2012). Suppression of endogenous
hydrogen sulfide contributes to the radiation-induced bystander effects on
hypoxic HepG2 cells. Radiat. Res. 178, 395–402. doi: 10.1667/rr2967.1

Zhu, L., Han, W., Chen, S., Zhao, Y., Jiang, E., Bao, L., et al. (2008). Radiation-
induced bystander effects enhanced by elevated sodium chloride through
sensitizing cells to bystander factors. Mutat. Res. 644, 43–47. doi: 10.1016/j.
mrfmmm.2008.06.011

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhang, Zhang, Mo, Patel, Butterworth, Shao and Prise. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 March 2021 | Volume 9 | Article 637454

https://doi.org/10.1158/1535-7163.mct-16-0253
https://doi.org/10.1158/0008-5472.can-08-0698
https://doi.org/10.3892/ijo.2012.1555
https://doi.org/10.3892/ijo.2012.1555
https://doi.org/10.1021/acsnano.8b03590
https://doi.org/10.1021/acsnano.8b03590
https://doi.org/10.1007/s10555-007-9056-0
https://doi.org/10.1016/j.semcancer.2016.02.002
https://doi.org/10.1016/j.semcancer.2016.02.002
https://doi.org/10.3390/cells8091083
https://doi.org/10.3390/cells8091083
https://doi.org/10.1158/1541-7786.mcr-13-0623
https://doi.org/10.1158/1541-7786.mcr-13-0623
https://doi.org/10.1016/j.semcancer.2017.02.011
https://doi.org/10.1038/nrc2603
https://doi.org/10.1016/j.semcancer.2008.11.009
https://doi.org/10.1016/j.semcancer.2008.11.009
https://doi.org/10.1186/1471-2407-8-184
https://doi.org/10.1002/ijc.21003
https://doi.org/10.1038/sj.onc.1210653
https://doi.org/10.1667/rr3044
https://doi.org/10.1667/rr3600.1
https://doi.org/10.1016/j.mrfmmm.2007.09.007
https://doi.org/10.1269/jrr.08086
https://doi.org/10.3892/ijo.2014.2745
https://doi.org/10.3892/ijo.2014.2745
https://doi.org/10.1093/neuonc/nos337
https://doi.org/10.1093/neuonc/nos337
https://doi.org/10.1016/j.mrfmmm.2014.12.010
https://doi.org/10.1016/j.canlet.2017.01.006
https://doi.org/10.1269/jrr.11004
https://doi.org/10.1667/rr2967.1
https://doi.org/10.1016/j.mrfmmm.2008.06.011
https://doi.org/10.1016/j.mrfmmm.2008.06.011
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	The Roles of HIF-1 in Radiosensitivity and Radiation-Induced Bystander Effects Under Hypoxia
	Introduction
	Materials and Methods
	Cell Culture and Drugs
	Cell Irradiation
	Generation of Conditioned Medium for Cell Treatment
	Cell Co-culture
	Treatment of Reagents
	Micronucleus Assay
	Cell Survival Assay
	Western Blotting
	Statistical Analysis

	Results
	Hypoxia-Induced Radioresistance
	RIBE Played an Important Role in Radiation Damage Under Hypoxia Conditions
	RIBE Was Induced by Free Radical Under Hypoxic Conditions
	HIF-1 Status of Irradiated Cells Determined RIBE Under Hypoxia Conditions
	HIF-1 Was Involved in Radiation Damage in Hypoxia-Exposed Cells by Controlling Downstream Genes
	Complex Mechanisms of HIF-1 Protein in Hypoxia Bystander Cells

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	References


