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ABSTRACT
DNA double-strand breaks (DSBs) induced by ionizing radiation are the major cause of cell death, leading to
tissue/organ injuries, which is a fundamental mechanism underlying the development of tissue reaction. Since
unscheduled senescence, predominantly induced among epithelial tissues/organs, is one of the major modes of cell
death in response to radiation exposure, its role in tissue reaction has been extensively studied, and it has become
clear that senescence-mediated secretion of soluble factors is an indispensable component of the manifestation of
tissue reaction. Recently, an unexpected link between cytoplasmic DSBs and innate immunity was discovered. The
activation of cyclic GMP-AMP (cGAMP) synthase (cGAS) results in the stimulation of the cGAS–stimulator of
interferon genes (STING) pathway, which has been shown to regulate the transactivation of a variety of secretory
factors that are the same as those secreted from senescent cells. Furthermore, it has been proven that cGAS–STING
pathway also mediates execution of the senescence process by itself. Hence, an autocrine/paracrine feedback loop
has been discussed in previous literature in relation to its effect on the tissue microenvironment. As the tissue
microenvironment plays a crucial role in cancer development, tissue reaction could be involved in the late health
effects caused by radiation exposure. In this paper, the novel findings in radiation biology, which should provide a
better understanding of the mechanisms underlying radiation-induced carcinogenesis, are overviewed.
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INTRODUCTION
Radiation exposure involves manifestation of two major health effects,
one of which is tissue reaction (formerly called deterministic effect)
and the other stochastic effect. It has been recognized that excess cell
death in tissues/organs compromises their function, which results in
the manifestation of tissue reaction, whereas stochastic DNA damage
induction is involved in the stochastic effect, e.g. cancer development.
In fact, stochastic induction of oncogenic mutation by radiation exposure has been assumed to trigger radiation-induced carcinogenesis.
This is the theoretical basis of the so-called linear-no-threshold (LNT)
model. From a radiation protection point of view, the LNT model has
been adopted for the purpose of radiation protection for a long time,
even though its applicability to low-dose/low-dose-rate radiation is still
in debate. Furthermore, the development of a comprehensive model
to understand low-dose/low-dose-rate effects, which is still indispensable, requires recent advances in radiation biology [1–3].
Recently, our knowledge on the physiology of the tissue microenvironment has greatly improved. Advances in stem cell biology have
demonstrated the spatiotemporal behavior of tissue stem cells and their

microenvironment in response to radiation exposure [4], and advances
in molecular and cell biology have described the existence of cell-to-cell
competition and non-targeted effects [5], all of which play indispensable roles in modifying cancer risks from radiation exposure [6].
More recently, an unexpected link between DNA damage, innate
immunity and senescence has been discovered. It has been described
that senescent cells secrete a variety of soluble factors that make alterations to the tissue microenvironment, resulting in chronic inflammation, tissue remodeling and regeneration. Thus, accumulating scientific
evidence has suggested that tissue reaction could play a role in cancer
development through modification of the tissue microenvironment. In
this paper, an overview of recent radiobiological studies is provided,
and the significance of novel findings on the dose-dependency of cancer risk is discussed.

INDUCTION OF UNSCHEDULED SENESCENCE
FOLLOWING RADIATION EXPOSURE
It is well established that double-strand breaks (DSBs) execute
DNA damage response through activation of the ataxia-telangiectasia
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SENESCENCE-ASSOCIATED SECRETORY
PHENOTYPES AND NON-TARGETED RADIATION
EFFECTS
Subsequent studies have demonstrated that senescent cells are
metabolically active. They secrete several soluble factors including

Table 1. Soluble factors secreted from senescent cells
mediating cGAS–STING signaling
Factors

Functions

IL-6
IL-8
IL-1a
MCP-1
CXCL1
CCL2
CCL5
TGF-b1
IGFBP3
bFGF
VEGF
MMP-3
PAI-1

Cytokine
Cytokine
Cytokine
Cytokine
Chemokine
Chemokine
Chemokine
Growth modulator
Growth modulator
Growth modulator
Growth modulator
Matrix remodeling factor
Matrix remodeling factor

cytokines, chemokines, growth regulators and matrix remodeling
proteases, whose characteristics are collectively called the senescenceassociated secretory phenotype (SASP) (Table 1) [18–21]. Many of
the factors trigger inflammation, so that the inflammatory cells are
attracted to the damage sites and elimination of the senescent cells is
enhanced. SASP factors also include growth modulators and matrix
remodeling proteases, which modify the tissue microenvironment and
stimulate repair and regeneration of injured tissues/organs. Although
the SASP response plays a physiological role under permissive levels
of tissue/organ injuries, it might cause unfavorable reaction when
the injuries exceed physiological levels, such as tissue/organ damage
provoked by a high dose of ionizing radiation (generally >6Gy).
Previously, secretory phenotypes have also been described in
radiation-induced bystander effects [22], which is the phenomenon
that irradiated cells indirectly induce radiation effects in non-irradiated
cells through cell-to-cell contact as well as secreted soluble factors,
named bystander factors [23]. It is interesting to note that almost all
known bystander factors are identical to the SASP factors, indicating
that bystander effects are mediated by unscheduled senescence caused
by radiation exposure.
While the physiological role of senescence and its secretory phenotype in cancer induction and prevention have already been discussed
[21], the close relationship between SASP and age-related diseases has
just been unveiled [24–28], indicating that radiation-induced unscheduled senescence is likely to be involved in the manifestation of agerelated diseases, including not only cancer development but also the
induction of non-cancer diseases, such as heart diseases, strokes and
respiratory diseases. As discussed below, this might also be the endogenous cause of the acceleration of aging by itself. Such possibilities have
to be examined in detail, since it could greatly improve our understanding of the basic mechanisms underlying the dose–response relationship
of late radiation health effects, as well as the cancer risk estimation at
low-dose and low-dose-rate exposure caused by nuclear accidents and
occupational exposure.

CYTOPLASMIC DSBS AND INNATE IMMUNITY
DSBs are a well-documented form of DNA damage predominantly
generated in response to ionizing radiation in the cellular nucleus. DSBs

Downloaded from https://academic.oup.com/jrr/article/62/Supplement_1/i30/6263894 by Nagasaki University Library user on 11 October 2021

mutated (ATM)–p53 axis [7]. Upon activation of ATM as a protein
kinase, thousands of the intra-nuclear proteins are phosphorylated.
For example, ATM phosphorylates histone H2AX [8], a member
of nucleosome core components histone H2A, and phosphorylated
histone H2AX is recognized by MDC1, which recruits the MRE11–
RAD50–NBS1 complex as well as the RNF8/UBC13 complex.
The former complex is involved in DSB repair, while the latter
is a histone ubiquitinase that results in ubiquitination of histone
H1, by which RNF163 is recruited. Finally, RNF168 ubiquitinates
H2A, and together with the exposure of methylated histone H4,
53BP1 is recruited to the chromatin neighboring the initial DSB
sites. The formation of a multiple protein complex is essential for the
transduction of DNA damage signals to p53, whose activation executes
the cellular response to DNA damage, including apoptosis induction
and arrest of the cell cycle [7].
While apoptosis is a frequently observed cell death mode in some
of the tissues/organs, such as bone marrow, thymus, spleen and intestine, many other tissues/organs induce cell cycle arrest in response to
radiation exposure [9, 10]. Importantly, when the amount of DSBs
exceeds the capacity of DNA damage repair and some of the initial
DSBs are left unrejoined, continuing p53 activation persistently arrests
the cell cycle at G1 [11, 12]. Previously, it was reported that permanently arrested cells exhibited premature senescent phenotypes. Since
premature senescence takes place without telomere shortening [12],
which is the major cause of physiological senescence, it is apparently
not a scheduled senescence. Therefore, in this paper, such unexpected
senescence is designated as unscheduled senescence.
Cell cycle arrest by itself is a reversal process, however, cells harboring unreparable DSBs persist in cell cycle arrest and enter into a
senescence-like state. While several explanations for the initiation of
unscheduled senescence have been proposed, none of them can fully
explain the phenomenon. For example, the involvement of mammalian
target of rapamycin (mTOR) in the initiation of the senescent state was
suggested, however, mTOR inhibition could only suppress senescence
in part [13]. Thus, it was hypothesized that multiple overlapping mechanisms might be involved in the initiation, perpetuation and continuation of unscheduled senescence.
More recently, it has been shown that senesced cells can be
eliminated by the synthetic induction of apoptosis. In order to
discover senolytic drugs, which are able to kill senescent cells,
several approaches, including siRNA screening, a hypothesis-driven
bioinformatics-based approach and low-molecular weight chemical
mass-screening, have been carried out [14, 15], and one potent
senolytic compound, named ABT263, has been identified. ABT-263 is
a specific inhibitor of the anti-apoptotic proteins BCL-2 and BCLxL [16]. It was confirmed that the effect was limited to senescent
cells. Furthermore, ABT263 was shown to eliminate senescent cells
in vivo, which rejuvenated aged hematopoietic stem cells in mice
[17]. Thus, senolytic drugs are expected to mitigate senescenceassociated pathologies, such as fibrosis, an adverse effect brought about
by radiation therapy.
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activate intranuclear phosphorylation-dependent signal transduction
known as DNA damage signaling, and the ATM–p53 axis is the indispensable pathway executing the cellular response to DSBs [7]. These
are the essential components of the cellular response that maintain the
integrity of the genome.
Recently, an unexpected role of cytoplasmic DSBs has enabled
mechanisms of radiation effects through exo-nuclear signaling to
be deciphered. Micronuclei are exo-nuclear DNA and are created
by nondisjunction of un-rejoined chromosome fragments through
cell division. Usually, normal human cells harboring the ATM–p53
axis do not permit so many micronuclei after radiation exposure,
however, human cancer cells, in which the ATM–p53 axis is severely
compromised, frequently cause the formation of multiple micronuclei
through abnormal mitosis, named mitotic catastrophe. This was
frequently observed in human cancer cells exposed to high doses
equivalent to those received in radiotherapy. DNA in micronuclei was
shown to be eliminated through degradation by apoptosis-dependent
DNA fragmentation (Fig. 1) [29]. Apoptotic DNA fragmentation is
accompanied by the degradation of the nuclear lamina, which results
in the release of DNA fragments into the cytoplasm. Such fragmented
DNA, particularly in the cytoplasm, has been proven to execute
the innate immune response through the activation of the cyclic
GMP-AMP (cGAMP) synthase (cGAS)–stimulator of interferon
genes (STING) pathway [30–33]. cGAS is originally described as
a sensor of microbial DNA, and it becomes clear that it is also able
to recognize endogenous double-stranded DNA. The cGAS protein
has a positively charged surface as well as a zinc ribbon, through

which the fragmented DNA duplex interacts (Fig. 2). Activated cGAS
catalyzes the cyclization of ATP and GTP, resulting in the formation
of cGAMP. cGAMP then activates STING, which transactivates
interferon (IFN) regulatory factor 3 (IRF3) and nuclear factor kappa
B (NF-κB), thereby stimulating transcription and secretion of type
I IFNs and the inflammatory cytokines (Fig. 2). Subsequently, it has
been reported that many of the secretory factors, such as interleukin 1
beta (IL-1β), IL-6, IL-8 and transforming growth factor beta (TGFβ), were the same as those secreted from senescent cells, which
were involved in senescence-associated phenotypes (Table 1) [30,
34, 35]. Furthermore, since micronuclei are commonly induced
by ionizing radiation, cGAS has been shown to be involved in
radiation-induced premature senescence [36]. Thus, the cGAS–
STING pathway is also a critical pathway, mediating senescence
induction after radiation exposure. It is interesting to note that
senescence by itself is also an inducer of cytokines, such as IL-1β
and IL-6, and therefore, it further amplifies the effect of cGAS–
STING activation. Until now, there has been no study demonstrating
the dose-dependency of cGAS–STING activation, which should
be examined with respect to carcinogenic aspects of radiological
protection.
As discussed above, it turns out to be clear that non-targeted
radiation effects, including the bystander effect, are mediated by the
secretory phenotype of unscheduled senescence. Two pathways have
been reported to be involved in bystander effects, one of which is
through the secretion of soluble factors, while the other pathway is
through gap-junction-dependent cell-to-cell communication. Since
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Fig. 1. Caspase-dependent DNA fragmentation in micronuclei. Exponentially growing normal human diploid cells were exposed
to 1 Gy of γ -rays and incubated for a further 24 h before fixation with methanol. The samples were then incubated with
anti-phosphorylated histone H2AX mouse antibody and anti-53BP1 rabbit antibody, which were detected by
Alexa488-conjugated anti-mouse antibody and Alexa555-conjugated anti-rabbit antibody, respectively. The cells were treated with
caspase-8 inhibitor (middle row) or with caspase-3 inhibitor (bottom row) 30 min before irradiation. The white arrow heads
indicate micronnuclei. Scale bar, 10 μm.
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cGAMP is a transmissible molecule through gap-junctions, this
might be the factor mediating bystander effects through cell-to-cell
contact.

TISSUE REACTION AND CANCER DEVELOPMENT
IN RESPONSE TO IONIZING RADIATION
Although cancer induction is classified into the stochastic effect, recent
advances in radiobiology have cast doubt on its categorization. Historically, DNA damage has been believed to be the primary cause of
oncogenic mutations, so that cancer induction should be stochastic.
This simple hypothesis has long been adopted for radiation safety regulation as the LNT model. Considering that direct radiation-induced
mutations are involved in cancer induction, there should be radiation
signatures in driver mutations, which are critical for developing cancer.
However, molecular and epidemiological studies so far have provided
no apparent evidence of radiation signatures, indicating that the role
of radiation exposure in radiation-induced cancer might not be the
induction of driver oncogenic mutations. A good example supporting
this idea has been seen in childhood thyroid cancer cases after the
Chernobyl nuclear power plant (CNPP) accident [37–39].
According to a recent UNSCEAR report, a total of 19 233 thyroid
cancer cases were documented in 1991–2015 among those who were
<18 years of age at the time of the Chernobyl accident [40]. The
fraction of thyroid cancer incidence attributable to radiation exposure was estimated to be ∼0.6 for evacuated children and adolescents. Recent comprehensive targeted next-generation sequencing and
RNA-seq analyses have identified driver gene mutations in 96.9% of
cases, of which 70.8% showed gene fusions [41]. Since the cases with
oncogenic gene fusions show a close link to thyroid doses, thyroid
tumors with fusions were obviously induced by radiation exposure.
In other words, the frequency of thyroid cancer with gene fusions
was increased dependent upon thyroid doses. However, we should be

CONCLUSION
Tissue reaction is a process by which tissue/organ injuries are
amended. Recent advances in radiation biology have demonstrated
that it could also be a fundamental mechanism involved in the
manifestation of a radiation health effect. Obviously, the ATM–
p53 axis-dependent DNA damage response as well as cGASSTING-dependent innate immunity execute unscheduled senescence,
predominantly among epithelial tissues exposed to ionizing radiation,
causing secretion of soluble factors that mediate non-targeted effects
and perpetuate the senescence phenotype. This autocrine/paracrine
feedback loop promotes modification of the tissue microenvironment,
which is highly likely to accelerate propagation of pre-cancer cells with
spontaneous oncogenic driver mutations. Although the involvement
of tissue reaction in late radiation health effects still needs further
verification, it should improve our knowledge of the biological
mechanisms underlying the dose–response relationship of late
radiation health effects, especially the dose-dependency of cancer risks
from low-dose/low-dose-rate radiation exposure. Since senescent cells
have been demonstrated to be eliminated by low-molecular weight
chemicals, this might provide a clue to mitigate cancer risk from
radiation exposure. Finally, future advances in radiation biology are
expected to keep providing novel findings that should shed light on and
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Fig. 2. cGAS–STING signaling pathway. Cytoplasmic
double-stranded DNA activates the cGAS–STING signaling
pathway. cGAS is able to recognize cytoplasmic
double-stranded DNA through its unique structure, thereby
turning on the enzymatic activity catalyzing the cyclization of
AMP and GMP, which results in the formation of cGAMP.
cGAMP then binds to STING and activates it as an adaptor,
which modulates transcription through IRF3 and NF-κB.
Thus, the cGAS–STING signaling pathway plays a critical role
in senescence induction after radiation exposure.

cautious in concluding that radiation exposure is a primary cause of the
gene fusions, since oncogenic gene fusion is also a predominant driver
mutation in sporadic pediatric cases [38, 39, 42]. If radiation exposure
is the primary cause of gene fusions, the ratio of the cases with gene
fusions vs point mutations should not be like that observed in pediatric
sporadic cases. Thus, it can be hypothesized that radiation exposure
could not be the direct cause of oncogenic gene fusions, rather it
provides a tissue microenvironment allowing the thyroid follicular cells
with a spontaneous oncogenic fusion to propagate. As discussed above,
tissue microenvironment exposed to radiation involves unscheduled
senescence, which initiates inflammation and stimulates tissue regeneration. While it should be emphasized that tissue reaction by itself is
an essential physiological response to amend a damaged tissue/organ,
if the radiation dose exceeds the tolerable level an irreversible reaction
will take place. Moreover, there are different pathways to keep the
integrity of the tissue/organ, including stem cell competition, and
senescence itself is also considered to be a mechanism to prevent
cancer initiation. Beyond such protective roles, an excessive amount of
dead cells executes chronic inflammation and provides circumstances
in which the initiated cells give rise to clonal expansion as discussed
elsewhere [27]. In fact, thyroiditis with chronic inflammation was
shown to include rearranged during transfection (RET)/papillary thyroid carcinoma (PTC) positive cells [43]. Thus, in such circumstances,
tissue/organ injuries and the resultant tissue reaction could be a critical
processes that lead to radiation-induced carcinogenesis.
A non-stochastic mechanism of radiation-induced cancer has also
been proposed recently. Several investigations using experimental
rodent models have demonstrated that radiation exposure accelerates
aging of mice. Dependent on radiation doses, the survival curve
showed a tendency to shift to the left, indicating acceleration of aging
[44–46]. As a result, aging-associated cancer development showed
earlier onset [47], which was previously explained as ‘induced’.
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improve our understanding of the mechanisms underlying radiationinduced carcinogenesis.
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