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Abstract 

Since the large-scale nuclear disasters of Chernobyl in 1986 and 

Fukushima in 2011, serious public concern has arisen about the health effects of 

long-term, low-dose environmental radiation exposure and contamination. From 

the point of view of radiation microdosimetry, the energy deposition of radiation 

from low-dose exposure (such as from environmental radiation) is localised along 

its track, resulting in a non-uniform distribution of exposed and unexposed cells 

in the irradiated tissue. To establish a personalised risk assessment for the effects 

of low-dose radiation on spermatogenesis, we investigated significant alterations 

in spermatogenesis in response to non-uniform radiation distributions at low 

doses and estimated the genetic diversity of radiation sensitivity at the population 

level. 

To investigate non-uniform, radiation-induced effects on cell survival in 

vitro, we used 15P-1 Sertoli cells that retain the morphological and functional 

features of primary Sertoli cells, which helps germ cells in the process of 

spermatogenesis. Also, with the technical combination of synchrotron X-ray 

microbeams and a unique ex vivo testes organ culture, we investigated tissue-

level responses in non-uniform radiation fields, such as environmental radiation. 

Our data revealed the non-targeted effects, including the radiation-induced 

bystander effects and the tissue-sparing effect (TSE), on spermatogenesis at the 

cell and tissue levels. We also found that an effective TSE for spermatogenesis 

requires the survival and repopulation of non-irradiated spermatogonial cells 

during the process of spermatogenesis in non-uniform radiation fields. 

Using a population-based genome database, we investigated variants of 
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the ATM and MSH5 genes, including MSH5 85C>T (p.Pro29Ser) (rs2075789), 

that are responsible for radiotherapy-related spermatogenic impairment. We 

found regional differences in the frequency of rs2075789. We also demonstrated 

the diversity of ATM gene variants at the population level and found four novel 

variants that are predicted to lead to a loss of ATM protein functionality. 

In conclusion, the cell and tissue responses induced by non-uniform, 

temporospatial radiation exposure and affected by individual differences in 

radiation sensitivity are essential in creating a personalised risk assessment of 

the effects of low-dose radiation on spermatogenesis. In the next steps, we will 

investigate which molecular signals of cell migration are involved in the TSE 

during the long process of spermatogenesis. We will also seek to further identify 

the rigorous predictors of individual radiation sensitivity using population-based 

genomics approaches. 
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SSC  spermatogonial stem cell 
Sv   sievert (unit of equivalent dose of ionising radiation) 
TGFβ1  transforming growth factor beta 1  
TMEM173  transmembrane protein 173  
TSE   tissue-sparing effect 
TUNEL   transferase dUTP nick end labelling 
TXNRD2  thioredoxin reductase 2 
VEGF  vascular endothelial growth factor  
XRCC1  X-ray repair cross-complementing protein 1 
γ-H2AX  phosphorylated histone H2AX 
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1.1. Overview of the project 

Since the pivotal discovery of X-rays by German physicist, Wilhelm 

Röntgen in 1895 (Glasser, 1995), many studies have aimed to understand the 

characteristics of ionising radiation (IR) and the effects on biological systems. In 

general, radiation is a double-edged sword: on the one hand, it is an essential 

tool for the diagnosis and treatment in modern-day medicine; on the other hand, 

it is a well-known carcinogen. 

Historically, the first radiation-related solid cancer was reported in 1902, 

arising in an ulcerated area of the skin. This was followed by the first report of 

leukaemia in 1911 observed in radiation workers (Shah et al., 2012). From an 

early stage, animal model systems have been applied to study the effects of 

radiation on the genome. In 1903, Heinrich Ernst Albers-Schönberg 

demonstrated that X-rays could induce damage in rabbit testicles (Doll, 1995). In 

1927, the 1946 Nobel laureate Hermann Muller showed X-rays to cause 

mutations in fruit flies at a frequency approximately linear with dose (Muller, 1927). 

Thus, proper protection from radiation is important for our health. 

Radiation effects in biological systems extend far beyond carcinogenesis 

and impact reproductive capability. Since Antonie van Leeuwenhoek’s 1677 

discovery of spermatozoa in semen (Ruestow, 1983), the process of 

spermatogenesis and the characteristic of spermatogonial cells have been 

elucidated. Sperm production is one of the most complex processes in the male 

body which takes around 60 days from maturation of the spermatogonial stem 

cells (SSCs) to fully functional spermatozoa (Figure 1-1). 

 



26 
 

 
Figure 1-1. Spermatogenesis. 
Spermatogenesis consists of three different phases; spermatogonial proliferation, 
meiotic cell division of spermatocytes into spermatids, and morphological changes of 
round spermatids into spermatozoa, which is called spermiogenesis. This spermatogenic 
progression depends on hormonal milieu, created by pituitary and local production of 
specific hormones. 
(Fukunaga et al., 2017a) 
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This process of dynamic cell differentiation, spermatogenesis, is also one 

of the most important developmental events responsible for the inheritance of life 

along with ovum formation in the female body. However, the testes and the 

process of spermatogenesis are well known to be hypersensitive to radiation 

(Withers et al., 1974), and there is a risk of sterility, even after exposure to low 

doses of radiation. This is further supported by the International Committee on 

the Radiological Protection (ICRP) report in 2007, giving the tissue weighting 

factor of the gonads as 0.08 (International Commission on Radiological 

Protection, 2007). The maintenance of human sperm production is highly robust; 

however, male fertility can be easily impacted by environmental, chemical and 

physical stresses including IR. 

 After the atomic explosions in Hiroshima and Nagasaki in 1945, there 

was great public concern about the possible harmful effects of radiation exposure 

which led to several studies being conducted on radiation-induced health risks 

(Douple et al., 2011; Kamiya et al., 2015; Little, 2009). This also led to the 

foundation of the Atomic Bomb Casualty Commission which became the 

Radiation Effects Research Foundation in 1975 and has been performing large 

follow-up cohort epidemiology studies (Cullings et al., 2006; Putnam, 1998). 

There is strong epidemiological evidence that the relationship between radiation 

exposure and solid cancer induction is approximately linear for ‘intermediate’ 

doses from approximately 0.15 Gy to approximately 1.5 Gy, i.e. a range of 

approximately 1 log (Shah et al., 2012). However, the large numbers of exposed 

individuals at low doses required to induce a statistically significant number of 

cancers has precluded definitive epidemiological study of the shape of the dose–
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response curve at levels most relevant to medical diagnostics (Shah et al., 2012). 

From the point of view of radiation protection, further studies on the underlying 

mechanisms of low-dose radiation-induced effects on human health, especially 

the function of fertility, are immediately expected to minimize harmful effects. 

One research question guided my PhD project. How does low-dose (or 

low-dose-rate) radiation, such as environmental radiation, affect the long process 

of spermatogenesis? There would be two possible approaches to understand the 

low-dose radiation-induced effects on spermatogenesis: non-uniform dose 

distribution of radiation at low doses and individual variation in radiosensitivity. 

From the point of view of radiation micro-dosimetry, for low-dose or low-dose-rate 

exposure, the energy deposition of radiation is localized along its track, resulting 

in a non-uniform distribution of exposed or unexposed cells in the irradiated tissue. 

Thus, in the low-dose radiation situation, there are possible interactions between 

the irradiated and the non-irradiated cells. To assess low-dose radiation-induced 

effects on spermatogenesis, we should consider such non-targeted effects would 

be involved. 

Secondly, several radiogenomic studies have recently determined that 

individual variation in radiosensitivity is greater than expected (Bouffler, 2016; 

Habash et al., 2017; Kato et al., 2009). There would be individual difference of 

responses following low-dose irradiation. In fact, patients and heterozygotes of 

DNA repair disorders such as Li-Fraumani syndrome and ataxia telangiectasia 

(AT) are known to show radiation hypersensitivity (Pollard and Gatti, 2009). Thus, 

to assess low-dose radiation health risk, we should also consider such individual 

difference. 
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In the present study, for establishing personalised risk assessment of low-

dose radiation-induced spermatogenic impairment, we aimed to investigate 

biological responses to non-uniform radiation fields at the cell and tissue levels 

and to clarify genetic diversity of radiosensitivity at the population level. To 

investigate non-targeted radiation effects on cell survival, we used 15P-1 Sertoli 

cells that retain the morphological and functional features of primary Sertoli cells 

(Wang et al., 2016). Also, with the novel technical combination of synchrotron X-

ray microbeams and a unique ex vivo testes organ culture as an experimental 

tissue model (Fukunaga et al., 2018), we studied biological responses at the 

tissue level in non-uniform radiation fields. Furthermore, using a population-

based genome bank (Kuriyama et al., 2016), we investigated the genetic diversity 

of radiation sensitivity and risk of radiation-induced spermatogenic impairment. 
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1.2. Radiation-induced biological effects 

1.2.1. Actions of ionising radiation in the cell 

The fact that IR, charged particles or electromagnetic radiation carrying 

enough energy to cause ionization events, can produce biological damage was 

recognized immediately after the discovery of X-rays. When IR is absorbed in 

biologic material, it can react directly with the critical molecules in the cell, causing 

their ionization. This direct action by radiation is characteristic for high linear 

energy transfer (LET) radiation such as neutrons and α-particles. Alternatively, IR 

can interact with other atoms or molecules in the cell, especially water molecules, 

to produce free radicals that are able to diffuse, reaching and damaging critical 

targets, including molecules of DNA within the nucleus of cells. This indirect 

action of radiation is characteristic for low LET radiation such as γ- and X-rays. 

Since approximately 70-80% of a cell is composed of water, most of IR 

interactions occur with water molecules, which as a result become ionized. The 

most relevant products are water ion (H2O+), electron (e-), and highly reactive 

hydroxyl radicals (∙OH). It is known that approximately 70% of the X-ray DNA 

damage in mammalian cells is caused by these hydroxyl radicals (Hall and 

Giaccia, 2006). 

The indirect action of IR in the cell, from the incident photon absorption 

to the final biological damage, can be described, over different timescales, as 

physical, chemical, and biological processes. The physics involves absorption of 

the energy of the electrically neutral photons or charged ions in approximately 10-

15 seconds. The lifetime of a primary radical is about 10-10 seconds and the 

hydroxyl radical has a lifetime of 10-9 seconds in cells. The DNA radicals formed 
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either by direct ionization or by reaction with free radicals have a lifetime of 10-5 

seconds in the presence of oxygen (Alpen, 1997). There are also substantial 

differences in the distances that these IR products could travel in water: the 

distance of diffusion for hydroxyl radicals is just a few nanometres, whereas the 

distance for the primary electron is much larger, around 1 μm (Alpen, 1997). 

These particle properties determine the distance over which they could cause 

ionizations in living matter. The period between the breakage of chemical bonds 

and the expression of biological damage varies depending on the outcome. In 

the matter of cell death, the biological effect may be expressed hours to days 

later in general, as the damaged cell attempts to divide. 

 

1.2.2. Radiation induced carcinogenesis and genotoxic effects 

It has long been known that radiation can induce a broad spectrum of 

DNA lesions, including damage to the nucleotide bases, cross-linking, DNA 

single strand breaks (SSBs) and double strand breaks (DSBs), and that radiation 

exposure can seriously damage biological systems, through triggering cell death 

or inducing mutations leading to radiation-induced carcinogenesis (BEIR V, 1990; 

Little, 2000). By 1902, the first radiation-related cancer was reported, arising in 

an ulcerated area of the skin; the first report of leukaemia occurred in five 

radiation workers in 1911 (Shah et al., 2012). Very early on, animal experiments 

helped scientists to recognise the possibility that radiation-induced genetic 

damage might occur, as in 1903, when Heinrich Albers-Schönberg demonstrated 

that X-rays could damage rabbits' testes (Doll, 1995). Hermann Muller, the 1946 

Nobel laureate in Physiology or Medicine, showed that X-rays could produce 
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mutations in fruit flies and that the prevalence of the effect was approximately 

linearly proportional to the dose (Muller, 1927). 

According to several previous studies with animal experimental models, 

it is known that different types of IR produce different dependences of cancer risk 

on radiation dose and dose rate. Sparsely IR (e.g. γ-rays) generally produces 

linear or upwardly curving dose responses at low doses, and the risk decreases 

when the dose rate is reduced (direct dose rate effect) (Magae et al., 2003). 

Densely IR (e.g. neutrons) often produces downwardly curving dose responses, 

where the risk initially grows with dose, but eventually stabilizes or decreases. 

When the dose rate is reduced, the risk increases (Curtis et al., 2001). This is 

called an inverse dose rate effect. These qualitative differences in dose response 

shape and dose rate dependences suggest qualitative differences in the 

mechanisms of carcinogenesis by sparsely and densely radiation (Shuryak et al., 

2011). 

 

1.2.3. Radiation-induced risk on human health 

Radiation is a double-edged sword for humans: despite the considerable 

benefits obtained from the use of radiation including medical uses (see section 

1.2.4), it is clear that there are health risks to humans exposed to radiation 

(Valentin, 2005). The lethal dose, 50%, (LD50), which is the dose required to kill 

on average half of an exposed group, is around 4 gray (Gy) for humans from a 

whole-body exposure. The effects of radiation exposure can be highly dose- and 

dose rate- dependent. Very high dose and dose rate whole body exposures of ~5 

Gy and above of γ- or X-rays are likely to cause death within weeks owing to 
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damage to the brain, gastrointestinal tract and bone marrow, with death owing to 

bone marrow failure within weeks (Mullenders et al., 2009). These acute tissue 

injuries are considered to be caused by extensive cell killing that leads to organ 

or tissue failures (Mullenders et al., 2009). At lower levels of exposure such acute 

effects are not observed, but the probability of the late developing effects of 

cancer and hereditary effects can be significantly increased (Mullenders et al., 

2009). At very low levels, it is currently not known whether health effects exist 

and can be detected against the background levels of disease incidence 

(Mullenders et al., 2009). 

After the atomic explosions in Hiroshima and Nagasaki in 1945, there was 

great public concern about the possible harmful effects of radiation exposure 

which led to several studies being conducted on radiation-induced health risks, 

particularly carcinogenesis (Douple et al., 2011; Kamiya et al., 2015; Little, 2009). 

This also led to the foundation of the Atomic Bomb Casualty Commission which 

became the Radiation Effects Research Foundation in 1975 and has been 

performing large follow-up cohort epidemiology studies, including the Life Span 

Study (Cullings et al., 2006; Putnam, 1998). There is strong epidemiological 

evidence that the relationship between radiation exposure and solid cancer 

induction is approximately linear for ‘intermediate’ doses from approximately 0.15 

Gy to approximately 1.5 Gy, i.e. a range of approximately 1 log (Shah et al., 

2012). However, the large numbers of exposed individuals at low doses required 

to induce a statistically significant number of cancers has precluded definitive 

epidemiological study of the shape of the dose–response curve at levels most 

relevant to medical diagnostics (Brenner et al., 2003; Shah et al., 2012). 
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 According to monographs by the International Agency for Research on 

Cancer (IARC) (El Ghissassi et al., 2009), all types of radiation, including α- and 

β-particle emitters, X-rays and γ-rays, IR, neutron radiation, solar radiation and 

ultraviolet radiation (wavelengths 100–400 nm, encompassing UVA, UVB and 

UVC) have been classified as ‘Group 1’. This category is used to describe 

situations where there is sufficient evidence to expect carcinogenicity in humans. 

Alpha (α) particles, which consist of two protons and two neutrons, are a 

form of densely IR with a low capacity to penetrate living tissue (less than 0·1 

mm). Beta (β) particles are less ionising electrons or positrons, but have greater 

penetrative power (up to a few millimetres). The health hazards resulting from 

radionuclides that emit these particles largely manifest after internal exposure. 

Epidemiological evidence has shown that a number of α or β particle-emitting 

radionuclides increase cancer risks at several anatomical sites. For example, 

radon exposure via the contamination of indoor air by radon released from soil 

and building materials has this effect. The combined analyses of case–control 

studies now estimate that residential radon gas exposure is, following tobacco 

smoke, the leading cause of lung cancer (8–15% attributable risk in Europe) 

(Darby et al., 2005). X- and γ-rays are forms of sparsely ionising electromagnetic 

radiation that penetrate living tissue. They typically produce fast electrons that 

deposit energy, leading to tissue damage. Extensive studies of atomic-bomb 

survivors have shown increased cancer risks at multiple anatomical sites (Grant 

et al., 2017). Nuclear reactions produce neutrons and are a main component of 

cosmic radiation; they are highly penetrative and interact with the traversed 

tissue, producing gamma radiation, protons and other charged particles. 
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Currently available epidemiological evidence is inadequate for assessing the 

carcinogenicity of neutrons, due to concurrent exposures to other types of 

radiation; however, the evidence of cancer in experimental animals is sufficient, 

and mechanistic data have shown that neutrons transfer their energy in clusters 

of ionising events This results in similar, yet more severe, local damage than 

damage caused by X- or γ-rays. 

Exposure to solar radiation leads to a specific mutation fingerprint (the 

cytidine to thymidine transition), as a result of cyclobutane pyrimidine dimers in 

DNA. For many years, this pattern was attributed to UVB rays (Rünger and 

Kappes, 2008), but this same cytidine to thymidine transition has been detected 

in the Tp53 gene of UVA- or UVB-induced skin tumours in hairless mice. In 

humans, this transition has been observed in TP53 in premalignant solar 

keratosis and in malignant skin tumours (Agar et al., 2004).  

 

1.2.4. Radiology, radiation oncology, and nuclear medicine 
Radiation and radioactive substances are used for diagnosis, treatment, 

and research in the fields of radiology, radiation oncology and nuclear medicine. 

For example, X-rays penetrate muscles and other soft tissue, but cannot pass 

through dense materials. This property enables medical doctors to find broken 

bones and to locate cancers growing in the body. Doctors also detect certain 

diseases by injecting a radioactive substance and monitoring the radiation 

emitted as the substance passes through the body. 

In the early 20th century, Marie Curie, who pioneered research on 

radioactivity and was a two-time winner of the Nobel Prize, demonstrated the 
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power of radiation, highlighting its use as a tool with a wide range of potential 

applications, including diagnostic and therapeutic medical procedures (Gasinska, 

2016). Her ground-breaking work led to the development of nuclear energy and 

radiotherapy (RT) for the treatment of cancer. 

Radiology is a clinical specialty that uses radiation-relevant imaging 

techniques to diagnose diseases. A variety of imaging techniques, including 

computed tomography (CT); nuclear medicine, including positron emission 

tomography; X-ray radiography and magnetic resonance imaging, are used to 

diagnose diseases. Interventional radiology refers to minimally invasive medical 

procedures aided with the guidance of imaging technologies such as X-rays and 

CT. Modern radiology practices require the cooperation of several different 

healthcare professionals working as a team. A radiologist is a medical doctor who 

has completed appropriate post-graduate training to allow him or her to interpret 

medical images. Radiologists communicate their findings to other physicians and 

use imaging to perform minimally invasive medical procedures. Radiological 

technologists are specially trained healthcare professionals who use imaging 

techniques to produce medical images for radiologists to interpret. 

In recent decades, RT has become a standard treatment option for a wide 

range of malignancies. In the early 20th century, radiation was used to treat a 

variety of human malignancies, usually through a single, large-dose exposure  

delivered via low-energy cathode ray tubes or radium-filled glass tubes in close 

proximity to tumours (Connell and Hellman, 2009). However, in the modern era, 

typical RT schedules consist of daily fractions delivered over weeks or months, 

with each fraction containing only a relatively small dose (generally 1.2–3 Gy) of 
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radiation. In addition, to protect normal tissues (such as the skin or organs 

through which the radiation must pass to treat the tumour), specially shaped 

radiation beams are aimed from several angles to intersect at the tumour, 

resulting a much larger, yet pinpointed, dose absorbed there compared to the 

surrounding, healthy tissue. Radiation oncology, which is distinct from radiology 

and the use of radiation in medical imaging and diagnostics, is concerned with 

prescribing radiation with the intent to cure, or to serve as an adjuvant therapy. It 

is common to combine RT with chemotherapy, surgery and immunotherapy. 
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1.3. Radiological protection 

In 1975, the effective dose concept was first developed by Jacobi (Jacobi, 

1975); it has since been established as a key measurement for assessing risks 

of the stochastic effects of radiation exposure and dose exposure limits by the 

ICRP (International Commission on Radiological Protection, 2007). 

IR deposits energy directly into the matter being irradiated. The quantity 

used to express this energy is the absorbed dose, a physical dose quantity that 

depends on both the level of incident radiation and the absorption properties of 

the irradiated object. The SI absorbed dose unit is the gray (Gy), which is defined 

as one joule of energy absorbed per kilogram of matter. As a physical quantity, 

the absorbed dose is not a satisfactory indicator of biological response, which 

may be driven by many additional factors. To allow for the consideration of 

stochastic radiological risk (e.g., carcinogenesis, hereditary effects), the dose 

quantity’s equivalent dose and the effective dose were devised by the ICRP and 

the International Commission on Radiation Units and Measurements (ICRU) to 

estimate the biological effectiveness of a given absorbed dose. The (International 

System of Units) SI unit for effective dose is the sievert (Sv), which currently 

represents, among the whole population, a 5.5% probability of developing cancer 

(International Commission on Radiological Protection, 2007). The effective dose 

accounts for the type of radiation and the characteristics of each organ or tissue 

being irradiated, because different organs in the human body have different 

radiation sensitivities (Barnett et al., 2009). The average annual effective dose 

from background radiation is around 3 mSv, while the typical effective doses of 

radiological and nuclear medical examinations are as follows: standard 
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radiographic examinations (0.01–10 mSv), computed tomographic examinations 

(approximately 2–20 mSv), interventional radiological procedures (5–70 mSv) 

and most nuclear medicine procedures (0.3–20 mSv) (Mettler et al., 2008) (see 

Figure 1-2). 

The concept of effective dose does not provide an individual-specific dose 

but uses a reference person for a given exposure situation. Furthermore, it does 

not take into consideration the genomic diversity of individual radiosensitivity, so 

it is not appropriate for estimating individual radiation-induced health risks for 

population members. In fact, as explained in ICRP Publication 103, effective dose 

is a risk-adjusted quantity for the control of exposures; it was not intended to be 

a measure of risk (International Commission on Radiological Protection, 2007). It 

is calculated using reference phantoms for the purpose of enabling the 

summation of doses from all radiation exposures for comparison with limits, 

constraints and reference levels (set in the same quantity) and for the 

optimization of protection. Implicit in its use is the central assumption of a linear, 

non-threshold (LNT) dose-response relationship between dose and risk, a 

reasonable assumption for protection purposes but not proven for low doses 

(Fukunaga et al., 2019c). A single set of tissue weighting factors is used in the 

calculation of effective dose, despite previously recognized differences in the age 

and sex dependence of the relative contributions of cancer types to overall 

detriment and, crucially, in the overall magnitude of cancer detriment. Therefore, 

current radiological protection is achieved for members of the public using 

effective dose criteria that apply across populations (i.e., optimization below 1 

mSv limit for planned situations). 
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Figure 1-2. Radiation dose ranges from natural background to therapeutic levels. 
There are wide differences between natural background and therapeutic radiation dose 
ranges. The majority of background radiation occurs naturally from minerals and a small 
fraction comes from man-made elements. Naturally occurring radioactive minerals in the 
ground, soil, water and air produce background radiation, as does cosmic radiation from 
outer space. There can be large variances in natural background radiation levels from 
place to place, as well as changes in the same location over time but average 
background radiation levels are around 3 mSv. A small fraction of background radiation 
comes from human activities. Trace amounts of radioactive elements have dispersed in 
the environment from nuclear weapons tests and nuclear power plant accidents. 
Radiation exposures from diagnostic medical examinations are generally low (< 20 mSv) 
and are almost always justified by the benefits of accurate diagnosis of possible disease 
conditions. Modern RT approaches deliver these as series of fractions of ~ 2 Gy, targeted 
to the tumour. The SI absorbed dose unit is the gray (Gy), which is defined as one joule 
of energy absorbed per kilogram of matter. The SI unit for effective dose is the sievert 
(Sv), which currently represents, among the whole population, a 5.5% probability of 
developing cancer, weighted for detriment (ICRP 2007). 
(Fukunaga et al., 2019c) 
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1.4. Genetic diversity in radiosensitivity 

1.4.1. DNA repair disorders and adverse effects of radiotherapy 

Physiological factors, such as age, sex and DNA repair-deficiency, are 

clearly important in estimating the biological effects induced by exposure to 

radiation. In fact, a number of adverse reactions to radiation treatment have been 

observed in individuals suffering from DNA damage response-defective disorders, 

such as AT, Nijmegen breakage syndrome, Fanconi anaemia (Pollard and Gatti 

2009). These patients and other heterozygous carriers can be associated with 

both radiation hypersensitivity and predisposition to cancer, although the 

underlying mechanisms of radiation-induced carcinogenesis in these individuals 

remains to be determined (Jongmans and Hall, 1999). 

According to a systematic review in 2016 (van Os et al., 2016), AT carriers 

with heterozygous mutations in the ataxia telangiectasia-mutated (ATM) gene 

have a reduced life expectancy because of mortality from cancer and ischemic 

heart diseases (relative risk [RR] 1.7, 95% confidence interval [CI] 1.2–2.4) and 

an increased risk of developing cancer (RR 1.5, 95% CI 0.9–2.4), especially 

breast cancer (RRwomen 3.0, 95% CI 2.1–4.5). It is true that A-T is a rare disease 

with a frequency of ~1/40,000, but heterozygous carriers are more common, with 

a frequency of ~1/100 (Watts et al., 2002). DNA repair-deficiency patients and 

carriers are relatively rare, but they should not be ignored (Public Health England, 

2013). 
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1.4.2. Genetic biomarkers for individual radiosensitivity 

The field of radiogenomics seeks to identify the link between genomic 

biomarkers and clinical variability in response to RT, with a view to predicting an 

individual’s response to, and toxicity from RT. Precision medicine relies on 

validated biomarkers with which to classify patients more accurately by their 

probable disease risk, prognosis, or response to treatment (Vargas and Harris 

2016), so the clinical application of radiogenomics is highly promising for 

precision radiation treatment. The main approach used in radiogenomic analysis 

is the Genome Wide Association Study (GWAS). For instance, the first GWAS for 

identifying the single nucleotide polymorphisms (SNPs) associated with erectile 

dysfunction (ED) among African American prostate cancer patients treated with 

external beam RT showed that SNP rs2268363, located in the follicle-stimulating 

hormone receptor (FSHR) gene, was significantly associated with ED after 

correcting for multiple comparisons (odds ratio [OR] 7.03, 95% CI 3.4–14.7, 

unadjusted p-value = 5.46×10−8; Bonferroni p-value = 0.028). These researchers 

also identified four additional SNPs that tended toward significant association 

(unadjusted p-value < 10−06) (Kerns et al., 2010). 

Several radiation oncological studies have aimed to understand the 

characteristics of tumour radiosensitivity. Radiobiological mechanisms that 

determine the resistance or sensitivity of tumours to fractionated RT include the 

number and intrinsic radiation sensitivity of cancer stem cells, tumour hypoxia 

and reoxygenation during treatment, repopulation between RT fractions and 

redistribution of surviving, cycling cells after a radiation-induced cell cycle 

blockade (Baumann et al., 2016). 
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More geometric and anatomical precision approaches have been 

employed in an effort to address the biological heterogeneity characteristic of 

cancer and to improve radiation treatment outcomes (Caudell et al., 2017). 

Pathological approaches also have potential; for example, immunochemical 

expression of p16 (INK4A) which is associated with the human papillomavirus 

(HPV) infection, has an impact on treatment response and survival in patients 

with head and neck cancer treated with RT (Lassen et al., 2009). According to a 

single-arm, phase 2 study in 2017 (Chen et al., 2017), chemo-radiotherapy for 

HPV-associated squamous-cell carcinoma of the oropharynx with radiation doses 

reduced by 15-20% was associated with high progression-free survival and an 

improved toxicity profile compared with historical regimens using standard doses. 

In addition, genomic approaches are developing gene signatures of tumour 

radiosensitivity; for example, the gene expression-based radiation sensitivity 

index and the linear quadratic (LQ) model used to derive the genomic-adjusted 

radiation dose (GARD) has shown the potential to predict clinical outcomes in 

breast cancer, lung cancer, glioblastoma and pancreatic cancer (Scott et al., 

2017). In 2016, high-throughput gene expression techniques and clinical and 

genomic databases were used to develop and validate a 24-gene expression 

signature (the Post-Operative Radiation Therapy Outcomes Score or PORTOS) 

that predicts response to post-prostatectomy RT in matched training and 

validation cohorts of patients with prostate cancer (Zhao et al., 2016). The study 

showed that patients with high PORTOS had a lower incidence of distant 

metastasis than patients with low scores (Zhao et al., 2016). 

However, the pathways and biological processes of normal tissue, which 
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underpin radiation response at the individual level, remain to be fully defined. 

Most previous radiation studies, such as those on rare genetic disorders (Baple 

et al., 2014; Toss et al., 2015; Yokote et al., 2017), risk genomic aberrations such 

as SNPs, copy number variations (CNVs) and insertions and deletions (INDELs) 

associated with adverse effects of radiation treatment (Edvardsen et al., 2013; 

Tang et al., 2016; Yin et al., 2012, 2011; Zhang et al., 2010) and radiation-induced 

biological response studies (Hei et al. 2008; Prise and O’Sullivan 2009; Blyth and 

Sykes 2011), have used a candidate gene approach to investigate potential 

genetic biomarkers that correlate with radiation hypersensitivity. Furthermore, 

several recent oncological studies have shown the clinical importance of 

interaction between the tumour and the host immune system, and therapeutic 

attempts to activate the host immune system to kill tumour cells have shown 

some clinical efficacy (Mouw et al., 2017). In fact, several groups have reported 

improved local control and distant disease control when checkpoint blockade 

immunotherapy is added to radiation in different tumour types (Sharabi et al., 

2015). Systematic responses to radiation detected at the blood proteome and 

metabolome levels are also related to the intensity of radiation-induced toxicity, 

including inflammatory responses (Jelonek et al., 2017). These results indicate 

that some immune responses contribute to radiation-induced carcinogenesis and 

individual radiosensitivity. 

As Figure 1-3 shows, according to some systemic reviews on candidate 

gene biomarkers (Andreassen and Alsner 2009; Rattay and Talbot 2014), we re-

summarized a number of key radiation-induced cellular responses and candidate 

gene biomarkers for consideration, from cell to whole-body levels (Fukunaga et 
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al., 2019c). These include: oxidative stress response genes (e.g., GSTA1, 

GSTP1, TXNRD2, and SOD2, encoding glutathione S-transferase A1 (GSTA1),  

glutathione S-transferase P1 (GSTP1), thioredoxin reductase 2 (TXNRD2), and 

superoxide dismutase 2 (SOD2), respectively), DNA damage response genes 

(e.g., TP53, ATM, ATR, BRCA1/2, RAD51, WRN, LIG4, PTEN, XRCC1, PCNA, 

MGMT, and MSH3, encoding P53, ATM, ataxia-telangiectasia and Rad3-related 

protein (ATR),  breast cancer type 1/2 susceptibility protein (BRCA1/2), RAD51, 

WRN, DNA ligase 4 (LIG4), phosphatase and tensin homolog (PTEN), X-ray 

repair cross-complementing protein 1 (XRCC1), proliferating cell nuclear antigen 

(PCNA), O-6-methylguanine-DNA methyltransferase (MGMT), and MutS 

homolog 3 (MSH3)), cellular response/bystander signalling genes (e.g., TNF, 

TGFβ1, VEGF, and SMADs, encoding tumour necrosis factor, transforming 

growth factor beta 1 (TGFβ1),  vascular endothelial growth factor (VEGF),  and 

SMADs) and immune response genes (e.g., IL6, IL8, IFNβ, STING, and IRF3, 

encoding interleukin 6, 8, interferon beta, transmembrane protein 173 

(TMEM173), and interferon regulatory factor 3). This is not an exhaustive list and 

there may be many more uncharacterized genes which may be important in 

radiosensitivity.  
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Figure 1-3. Individual radiosensitivity genetic biomarkers. 
According to several previous candidate gene studies, a number of key radiation-induced 
cellular responses and candidate gene biomarkers have been reported: oxidative stress 
response genes (e.g., GSTA1, GSTP1, TXNRD2, SOD2), DNA damage response genes 
(e.g., TP53, ATM, ATR, BRCA1/2, RAD51, WRN, LIG4, PTEN, XRCC1, PCNA, MGMT, 
MSH3), cellular response/bystander signal genes (e.g., TNF, TGFβ1, VEGF, SMADs) 
and immune response genes (e.g., IL6, IL8, IFNβ, STING, IRF3).  
(Fukunaga et al., 2019c)  
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1.5. Non-uniform dose distribution of low-dose radiation 

The quantity and quality of DNA damage is determined by the radiation 

type and dose (Averbeck et al., 2018). For instance, high and low LET radiations 

induce different spectra and qualities/complexity of DNA lesions, due to the 

differences in radiation track structures (Goodhead, 1994). This also impacts on 

the dose per cell delivered by individual tracks at low doses which will be radiation 

quality dependent, with higher LET radiation delivering increased dose per track. 

Specifically, as shown in Figure 1-4, for low-dose exposure, such as from 

environmental radiation, the energy deposition of radiation is localized along its 

track, resulting in a non-uniform distribution of exposed or unexposed cells in 

irradiated tissue (Booz et al., 1983; Booz and Feinendegen, 1988). Thus, there 

are possible interactions between the irradiated and the non-irradiated cells and 

the dynamics of these cells in the tissue involved in radiation-induced biological 

responses at the whole-tissue level (Prise et al., 2003). In fact, it is well known 

that cells that do not receive radiation doses directly but receive signals from 

nearby or neighbouring irradiated cells behave as though they have been 

exposed (Fukunaga et al., 2017b; Prise and O’Sullivan, 2009). These responses 

are collectively known as non-targeted effects, although the underlying 

mechanisms are not understood (Burtt et al., 2016). 
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Figure 1-4. Low-dose radiation dose distributions at micro-scale level. 
This is a simulated result of exposure to dose levels of approximately 1 mGy/year. The 
distribution of the dose is tempo-spatially heterogeneous. The blue lines indicate 
radiation tracks in the irradiated tissue.  
(Fukunaga and Prise, 2018)  
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1.6. Non-targeted effects and tissue-sparing effects 

In addition to radiation-induced effects on the irradiated cells, several 

previous studies have shown radiation-induced responses in non-irradiated 

neighbouring cells in the irradiated cell population. These effects, for which the 

DNA molecule is not directly exposed to radiation, have been defined as non-

(DNA)-targeted effects of radiation. They may include bystander effects, adaptive 

responses, and abscopal effects. 

  Radiation-induced bystander effects refer to radiation-induced responses 

that are observed in cells that did not directly receive radiation dose, but did 

receive signals from nearby or neighbouring irradiated cells (Figure 1-5). They 

behave as though they have been exposed, showing sister chromatid exchanges 

(SCE) (Nagasawa and Little, 1992), chromosomal instability (Lorimore et al., 

1998), micronuclei formations (Belyakov et al., 1999), gene mutations 

(Nagasawa and Little, 1999), and apoptosis (Belyakov et al., 2002, 1999). In 1992, 

Nagasawa and Little first reported on bystander effects. They observed SCE in 

~30% of immortalized Chinese hamster ovary (CHO) cells when only 1% of the 

population had been calculated to be traversed through the nucleus by an α-

particle following irradiation. Although most studies on bystander responses have 

reported cell damage in the non-irradiated cells, there are some reports on 

bystander-mediated adaptive responses (Iyer and Lehnert, 2002a). Due to the 

complexity of these responses and the variety of positive and negative cellular 

endpoints, there still is controversy (Goldberg and Lehnert, 2002). These 

responses are mediated either through gap junctions or via soluble factors 

released by irradiated cells. 
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Figure 1-5. Radiation-induced bystander effects. 
Cells that do not receive radiation dose directly but signals from nearby or neighbouring 
irradiated cells and generally behave as though they have been exposed.  
(Fukunaga et al., 2017b) 
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In clinical practice, the tissue-sparing response in non-uniform radiation 

fields was recognized more than one century ago. In 1909, Alban Köhler reported 

the first clinical observation of a tissue-sparing response during grid-radiotherapy 

in which spatially fractionated radiation was delivered using a grid-like pattern of 

beams (Schültke et al., 2017). In 1995, a notable tissue-sparing was reported in 

rat brain tissues during a microbeam radiotherapy (MRT) study (Slatkin et al., 

1995), performed at the National Synchrotron Light Source, Brookhaven National 

Laboratory. Since then, the tissue-sparing effect (TSE) of MRT, which is based 

on a spatial fractionation of synchrotron-generated X-ray microbeams at the 

microscale level, has been confirmed in a large variety of species and tissue 

types, although the underlying mechanism of TSE remains to be established 

(Bouchet et al., 2013; Dilmanian et al., 2006; Grotzer et al., 2015; Laissue et al., 

1998; Schültke et al., 2017; Slatkin et al., 1995; van der Sanden et al., 2010). The 

TSE is the phenomenon by which normal tissues tolerate single exposures to 

narrow planes of synchrotron-generated X-rays (micro-planar beams; 

microbeams) up to several hundred Gy (Dilmanian et al., 2007). The TSE of 

spatial-fractionated radiation indicates significant implications not only for clinical 

applications, but also for the improvement of risk assessment of exposure to non-

uniform radiation, such as environmental radiation. Also, recent results of ‘FLASH’ 

radiotherapy study demonstrate a remarkable sparing of normal tissue after 

irradiation at ultra-high dose rate (>40 Gy/s), suggesting the dose-rate is also 

important for effective TSE (Durante et al., 2018). 
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Figure1-6. Tissue responses in non-uniform radiation fields. 
When cell-level repair responses (DNA damage repair, oxidative stress response) cannot 
completely repair the radiation-induced damage, the removal of damaged cells 
(apoptosis, and cell competition) and tissue structure repair/regeneration (stem cell 
migration and proliferation) minimize the influence for maintaining normal tissue 
functions. The removal of damaged cells prevents the tissue from carcinogenesis or 
senescence that are targets of immune system. The failures of tissue structure 
repair/regeneration induce wholly or partially the dysfunction.  
(Fukunaga and Prise, 2018) 

  



53 
 

As shown in Figure 1-6, intercellular responses, such as apoptosis and 

clearance of apoptotic cells, cell competition and tissue repair/regeneration, could 

be involved in TSE in response to non-uniform radiation fields. Depending on the 

efficiency of acute cellular responses following irradiation, the damaged cells 

either survive or are removed from the tissue. In general, if radiation-induced 

damages of cellular components, in particular DNA, are not repaired sufficiently, 

the damaged cells will commit suicide in a process called apoptosis, which is a 

clearance system in multicellular organisms (Galluzzi et al., 2018; Nagata, 2018). 

Furthermore, for tissue homeostasis, cell competition is essential as a 

cell fitness-sensing mechanism seen from insects to mammals that eliminates 

cells that, although viable, are less fit than their neighbours (Di Gregorio et al., 

2016). Damaged cells induced by non-uniform radiation would be removed by the 

neighbouring cells due to cell competition, resulting in the prevention of a 

pathological state, such as carcinogenesis (Maruyama and Fujita, 2017). In 

addition, to remove cancer cells, interactions between the immune system and 

cancer governed by a complex network of biological pathways are a rapidly 

developing research area (Topalian et al., 2016). 

The therapeutic effects of RT have been observed not only in cancer cells, 

but also in their microenvironment. Today the role of the host’s immune system 

in the mechanisms of tumour regression by generating a cytotoxic adaptive 

immune response is well described and is recognized as immunogenic cell death 

(ICD) (Chajon et al., 2017). In this complex myriad of events, intrinsic 

characteristics of the tumour cells (tumour type, immunogenic capacity) and the 

immune status of the host are important factors determining the successful 
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induction of ICD (Apetoh et al., 2008). In addition to the potential synergism in 

terms of local control, the possibility to obtain systemic responses, described 

initially by Mole in 1953 as “the abscopal effect (Mole, 1953),” mediated by ICD 

has stimulated great interest. 

After the complete clearance of radiation-induced damaged cells, tissue 

regeneration generally occurs for the maintenance of normal tissue functions, 

namely homeostasis at the tissue level. Somatic stem cells migrate from the intact 

to the defective parts and regenerate the structure and function of tissue by their 

proliferation and differentiation (Biteau et al., 2011; Eming et al., 2014). Such 

tissue homeostasis mechanisms could be involved in radiation-induced biological 

responses at the tissue level. However, there is little knowledge, particularly with 

respect to immune system modulation at low environmental doses and after 

modulated clinical exposures. 
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1.7. Microbeams in radiation research 

Microbeams have undergone a renaissance since their introduction and 

early use in the mid 60s (Prise et al., 2009; Prise and Schettino, 2011). As shown 

in Figure 1-7, microbeam is a radiation facility that can irradiate individual 

samples or part of them with a micron or sub-micron size beam of IR, including 

charged particles, X-rays, and electrons (Ghita et al., 2018). 

The resurgence in the use of microbeams since the mid 90s has 

coincided with major changes in our understanding of how radiation interacts with 

cells and tissues (Prise et al., 2009; Prise and Schettino, 2011). The development 

of single particle microbeams, where a single cell and/or a subcellular 

compartment can be selectively irradiated with either one or multiple particles, 

has greatly facilitated our understanding of a variety of biological endpoints 

including cytoplasmic irradiation, bystander effects and genomic instability (Hei 

et al., 2009). In particular, the evidence that non-targeted responses occur, where 

cells not directly irradiated can respond to irradiated neighbours (Nagasawa and 

Little, 1992; Prise and O’Sullivan, 2009), has brought about the evolution of new 

models of radiation response. Much of this has come from charged particle 

microbeam studies, but increasingly, X-ray and electron microbeams are starting 

to contribute quantitative and mechanistic information on bystander responses 

following irradiation. 

The rationale for the use of microbeams has previously been ascribed to 

three key attributes (Prise et al., 2009; Prise and Schettino, 2011). 
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Figure 1-7. Microbeam irradiation patterns. 
(A) To target different parts of a cell. 
(B) To deliver localised irradiation within a cell population or tissue. 
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1) They allow the precise metering of dose to individual cells. This is especially 

true for charged particle microbeams where it is possible to deliver single particles 

to each cell with high reproducibility and determine the effects of these ultimate 

lowest possible doses. With conventional particle exposures, to determine the 

effects of single particle traversals, the best that can be done is to deliver an 

average of one particle due to the Poisson distribution. This means 37 % of the 

cells receive no particle traversals, 37 % receive one particle traversal and 26 % 

receive greater than one. With a microbeam, a single particle can be delivered 

uniformly to each cell one at a time. This allows the effects of environmental and 

occupational exposures where the effects of individual radiation tracks are 

important to be clearly defined. 

 

2) With the increased precision of delivery of radiation, it is now possible to make 

choices regarding the sites of irradiation within cells and tissues. In particular, it 

is possible to map radiosensitive sites within cells and tissues. The degree of 

targeting is a function of the size of the beam spot which can be produced by the 

microbeam relative to the size of the target which needs to be irradiated. 

 

3) Finally, the ability to select out individual cells or regions of tissues for localised 

irradiation is key to determining the role of intra- and intercellular signalling 

especially bystander signalling. Various patterns of irradiation can be used to 

allow cell–cell signalling to be determined in various contexts. 
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A recent development has been the move from studies with two-

dimensional (2-D) cell culture models to more complex 3-D systems where the 

possibilities of utilizing the unique characteristics of microbeams in terms of their 

spatial and temporal delivery will make a major impact. 
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1.8. Advanced tissue models in radiation research 

Extending the present 2-D cell culture results to a wide range of cultures 

by refinements seems promising for microbeam research. Several groups have 

now extended studies from cell-culture models to more complex tissue models 

and in vivo systems. In recent years, 3-D culture methods, such as spheroid 

cultures (i.e., small aggregates of cells growing free of foreign materials) 

(Fennema et al., 2013; Ishiguro et al., 2017) and organoid technologies (i.e., stem 

cell-derived 3-D cultures) (Lancaster and Knoblich, 2014), have been developed 

to preserve the biological characteristics of the original tissues or organs better 

than conventional 2-D monolayer cultures. Such progress could contribute to the 

elucidation of the molecular mechanisms of radiation-induced bystander 

responses at the tissue level and has potential for the development of new 

diagnostic and therapeutic radiation techniques. In 2016, a Japanese research 

group investigated cell death and cell-cycle arrest of microbeam-irradiated cells 

and unirradiated bystander cells in a human HeLa-Fucci spheroid culture with 

time-lapse live-cell imaging (Kaminaga et al., 2016). To our knowledge, this was 

the first real-time imaging of the dynamics of microbeam-irradiated and 

unirradiated bystander cells. In the following year, Acheva et al. showed radiation-

induced pro-inflammatory responses, including signalling in the NF-κB-COX-2 

pathway, in a human 3-D organotypic skin culture exposed to modified X-ray 

fields (Acheva et al., 2017). 

More in vivo-like culture methods, such as ex vivo tissue and organ 

cultures, also have potential as useful tools for microbeam research. For example, 

organotypic tumour tissue slice methods that are optimized for ex vivo culture 
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would be useful for assessing not only tumour-specific drug responses but also 

microbeam-induced bystander responses (Naipal et al., 2016; Vaira et al., 2010). 

Some ex vivo organ culture techniques (e.g., human hair follicle (Langan et al., 

2015), mouse testes (Sato et al., 2011a)) are likely to be applicable to microbeam 

research. 

Although traditionally hampered by the limited range of particles and 

photons used, animal models are now also being used in microbeam studies 

using a single microbeam (Ghita et al., 2018). Progress in such culture 

techniques, in combination with microbeam research, can be expected to provide 

a more comprehensive radiobiological understanding of response mechanisms 

at the tissue level. 
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1.9. Radiation-induced effects on spermatogenesis 

1.9.1. Radiation-induced deterministic effects on spermatogenesis 

Human spermatogenesis is a process that lasts for approximately 60–70 

days which results in the transformation of spermatogonia through primary 

spermatocytes, secondary spermatocytes and spermatids to spermatozoa which 

then mature in the epididymis. During this long process, radiation-induced effects 

can easily cause reproductive toxicity. In fact, the testes is relatively 

hypersensitive. Experimental data from a 1970s study conducted in prisoner 

volunteers who agreed to have their testicles irradiated demonstrated effects on 

spermatogenesis in humans (Clifton and Bremner, 1983) where a dose of 0.11 

Gy caused significant suppression of sperm count with doses of 3 to 5 Gy causing 

permanent sterility. Furthermore, in clinical practice, radiation treatment may 

result in temporary, long-term or permanent gonadal toxicity in male patients 

(Jeruss and Woodruff, 2009; Meistrich, 2013; Rowley et al., 1974). The 

fractionated radiation used in the treatment of cancer causes greater delays in 

spermatogenic recovery, for example, a total gonadal dose of >2.5 Gy delivered 

as fractionated radiation generally produces permanent azoospermia, whereas 

doses >6 Gy given as a single exposure are required (Meistrich, 2013). These 

experimental and clinical data confirmed deterministic effects on male germ cells 

with a threshold dose. 

 

1.9.2. Transgenerational effects 

In 1974, Jacqueline Fabia and Truong Dam Thuy reported that paternal 

occupational exposure to chemical substances can affect the integrity of 
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spermatogenesis and potentially result in the transmission of carcinogenic 

defects to the children (Fabia and Thuy, 1974). In 2000, a landmark study showed 

that transgenerational effects from paternal exposures extends to the germ line 

of unexposed first generation offspring in mice, as revealed by an increased 

instability of repeat-DNA sequences in their descendants (Dubrova et al., 2000). 

Both genomic and epigenetic pathways have been suggested to explain the 

transmissible effects of environmental contaminants, including sperm DNA 

mutations, genomic instability, suppression of germ-cell apoptosis, and imprinting 

errors (Cordier, 2008; Soubry et al., 2014). Several animal studies have shown 

evidence for transgenerational epigenetic effects from paternal exposure to 

radiation (Cordier, 2008; Barber et al., 2002; Shiraishi et al., 2002; Koturbash et 

al., 2006; Mughal et al., 2012; Little et al., 2013; Paris et al., 2015). 

To our knowledge, for humans, the hypothesis of transgenerational effects 

from paternal exposures to IR remains controversial. Public concerns in the 

1980s prompted the UK government to investigate the excess of malignant 

diseases in children living in the vicinity of the Sellafield nuclear power plant, and 

a population-based analysis showed the high incidence of leukaemia and 

lymphoma in the young residents of Seascale, which is near the Sellafield plant, 

compared to those in national registries and surrounding areas (Draper et al., 

1993; Soubry et al., 2014). In addition, a case-control study indicated that children 

of fathers working at the nuclear plant at that time of conception had a three times 

higher risks of leukaemia or non-Hodgkin’s lymphoma before the age of 25 

(Gardner et al., 1990). However, according to studies on atomic bomb survivors 

in Japan, no evidence was found for increased cancer incidence in children from 
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exposed fathers (Izumi et al., 2003; Kodaira et al., 1995; Yoshimoto et al., 1990). 

Furthermore, in clinical practice, a Danish case-cohort study showed mutagenic 

chemotherapy and RT doses to the gonads were not associated with genetic 

defects in children of cancer survivors, although larger studies need to be 

conducted to further explore potential associations between high-dose pelvic 

irradiation and specific adverse pregnancy outcomes (Winther et al., 2012). 

Further studies are needed to clarify if there are human transgenerational effects 

from the exposed male germ line. 

 

1.9.3. Responses in the testes after exposure to radiation 
The spermatogenic cells consist of several different subpopulations, such 

as SSCs and their differentiating progeny (i.e., spermatogonia, spermatocytes, 

and round spermatids), that vary in their sensitivity to radiation (Rübe et al., 

2011). This may be due to the various cell types having clearly different chromatin 

compositions and as a result require different repair proteins and mechanisms of 

repair to restore genomic integrity following (González-Marín et al., 2012; Rübe 

et al., 2011). During the process of spermatogenesis, radiation can directly induce 

a number of DNA damage lesions including base damage, DNA and DNA-protein 

crosslinks, SSBs and DSBs in the DNA. Of these DSBs represent the greatest 

threat to genomic integrity due to difficulties in correct repair. Failure of correct 

repair of the DNA damage results in de novo mutation in the germ cell line (Wang 

et al., 2012) driving a number of biological consequences. 

Apoptosis is an important physiological mechanism that occurs in the 

testes to limit the number of germ cells in the seminiferous epithelium (Lee et al., 



64 
 

1997). It has been found clinically that men with abnormal sperm parameters 

display higher levels of the apoptotic protein Fas on ejaculated spermatozoa 

(Sakkas et al., 2003), indicating that selective depletion of abnormal spermatozoa 

is controlled by apoptosis. In response to radiation, γ-H2AX (phosphorylated 

histone H2AX) foci are generated in spermatogonia, spermatocytes and round 

spermatids (Hamer et al., 2003). γ-H2AX has a critical role in the recruitment of 

DNA repair factors and DNA damage-signalling proteins including tumour 

suppressor p53, a key protein with a central role in DNA damage-induced 

apoptosis. In irradiated spermatogonia, γ-H2AX interacts with p53 to induce 

spermatogonial apoptosis (Hamer et al., 2003). A previous study showed that 

even at very low doses (10 mGy) apoptosis is induced in spermatogonia causing 

the arrest of spermatogenesis (Grewenig et al., 2015). 

SSCs are characterized by a lack of compacted heterochromatin. In 

these cells, DNA damage detection and signalling is mediated in the absence of 

the transducer complex γ-H2AX/MDC1, and radiation-induced DSBs are repaired 

predominantly through DNA-dependent protein kinase catalytic subunit (DNA-

PKcs) independent mechanisms (Rübe et al., 2011). In response to genotoxic 

insults, effective cell cycle checkpoints in the differentiating progeny, but not in 

SSCs themselves, eliminate damaged cells by apoptosis ensuring only intact 

genetic information is transmitted to subsequent generations (Rübe et al., 2011). 
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Figure 1-8. Apoptosis and DNA repair from the spermatogonial stem cells to round 
spermatids. 
(Fukunaga et al., 2017a) 
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As shown in Figure 1-8, At the onset of first meiotic prophase, 

chromosomes receive Spo11-dependent DSBs that are repaired by homologous  

recombination (HR) to promote crossing over and ensure homolog separation 

during the meiosis I division (Ahmed et al., 2013; Bannister and Schimenti, 2004). 

In contrast to HR, non-homologous end joining (NHEJ), the major DSB repair 

mechanism during the G1 cell cycle phase, is downregulated during early meiotic 

prophase (Ahmed et al., 2013). The classical DNA-PK dependent NHEJ pathway 

involving the DNA-PKcs which is recruited by the Ku70 and Ku80 proteins to the 

site of damage and subsequently, both end-positioned Ku and DNA PKcs 

mediate the recruitment of XRCC4/DNA ligase IV complex (González-Marín et 

al., 2012). NHEJ appears to contribute to the repair of replication-dependent and 

radiation-induced DNA damage in somatic testicular cells and may also be 

required for the repair of persistent Spo11-dependent and radiation-induced 

DSBs in late spermatocytes (Ahmed et al., 2013). However, studies using DNA-

PKcs deficient round spermatids of SCID mice have shown almost identical DSB 

repair kinetics to those of DNA-PKcs proficient spermatids, indicating the slow 

and incomplete DSB repair in round spermatids is independent of the classical 

DNA-PK dependent NHEJ (González-Marín et al., 2012; Rübe et al., 2011). 

Another possible mechanism of DNA damage induced by IR is through 

the production of reactive oxygen species (ROS) as radiation exposures lead to 

oxidizing events which alter molecular structures directly or via products of water 

radiolysis (Azzam et al., 2012). Not only direct but also indirect interactions with 

macromolecules have been shown to occur at low doses (Boucher et al., 2006). 

ROS can be generated in cells by endogenous and exogenous stimuli. 
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Endogenous production of ROS arises mainly from leakage of ROS during 

mitochondrial electron transport chain activity (Dickinson and Chang, 2011). The 

generation of ROS in cells exists in equilibrium with a wide variety of antioxidant 

defences such as glutathione, however, if the antioxidant detoxification systems 

fail to maintain ROS within tolerated levels, excess ROS can be deleterious 

(Redza-Dutordoir and Averill-Bates, 2016). 

Several forms of damage to sperm DNA are caused by ROS including 

chromatin cross-linking, chromosome deletion, DNA strand breaks and base 

oxidation (Agarwal and Said, 2005). ROS are also important in mediating 

apoptosis by inducing cytochrome c release and activation of caspases 9 and 3 

(Said, 2004). The enhancement of ROS levels to high levels in semen produced 

by abnormal spermatozoa are a main cause of decreased fertility in the case of 

teratozoospermia  (Rato et al., 2012; Sabeti et al., 2016). These data suggest 

low-dose effects on spermatogenesis are mediated via elevated ROS levels in 

sperm forming cells. 

 

1.9.4. Environmental radiation-induced effects on spermatogenesis 

The earliest report of occupational exposure related to fertility was made 

by Percivall Pott in 1775 who observed a high incidence of skin cancer on the 

testicles in chimney sweeps (Sheiner et al., 2003). In 2013, an epidemiological 

study of 83 health workers who had been occupationally exposed to radiation 

clarified the effects observed in spermatozoa which showed changes in motility 

characteristics, increased sperm morphological abnormalities, sperm DNA 

fragmentation and global hyper methylation(Kumar et al., 2013).  Three years 
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later, a study of 46 occupationally exposed men also showed decreased sperm 

motility and abnormal. The study also showed a significantly higher DNA 

fragmentation index in exposed compared to non-exposed men (Zhou et al., 

2016). These studies provide new insights into environmental radiation risks on 

human sperm characteristics with the caveat of sample size in the studies. 

Previous animal and human studies suggest that occupational radiation 

exposure may have a substantial effect on the characteristics of sperm in health 

workers. The ICRP, in its 2007 recommendations based on occupational 

classification, limits artificial irradiation of the public to an average of <1 mSv of 

effective dose per year, and <20 mSv per year in the case of occupationally 

exposed subjects (ICRP 2007). Further epidemiological and biostatistical studies 

are needed amongst large populations to address the reproductive problems of 

occupationally exposed workers (Kumar et al., 2013). 

On 26 April 1986, the Number 4 reactor of the Chernobyl Nuclear Power 

Plant, in Ukraine, suffered a steam explosion that blew the lid of the reactor and 

resulted in the largest accidental release of radioactivity into the environment in 

human history (IAEA 2006). Prior to the Chernobyl accident, mammals were 

perceived to be among the most radiosensitive taxonomic groups (Beresford et 

al., 2016; Geras’kin et al., 2008). A series of studies of rodents in highly 

contaminated sites (average dose up to 830 mGy/h) found no clear evidence of 

genetic changes compared to control sites (Baker et al., 2001; Wickliffe et al., 

2002), although a study in Belarus at much lower dose rates (up to 30 mGy/day) 

found an increased frequency of chromosome aberrations (Beresford et al., 2016; 

Goncharova and Ryabokon, 1995). 
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According to an investigation of sperm parameters in 125 workers involved 

in the clean-up of the Chernobyl nuclear disaster and irradiated by doses up to 

250 mSv, significant changes of sperm counts and morphology were found in the 

population exposed to radiation (Cheburakov and Cheburakova 1993). In 

addition, a pilot study of 18 individuals engaged in clean-up operations after the 

accident indicated that decreases in motility and increases of malformations were 

found in the spermatozoa samples taken from workers, when compared with 

control subjects (Fischbein et al., 1997). Dose levels of irradiated individuals were 

not clearly reported in the latter study. 

After the Chernobyl accident, there was a great deal of social concern 

about environmental radioisotope contamination and radiation-induced effects on 

human health (Rahu, 2003), however, there appears to be few resultant 

international epidemiological studies. Though more than 30 years have now 

passed, further studies are needed to investigate the low-dose radiation-induced 

effects on male reproductive systems that resulted from the world’s worst nuclear 

accident. 

On 11 March 2011, a devastating earthquake and resulting tsunami 

caused serious damage to various areas of the Pacific coast in Japan’s 

Fukushima Prefecture and all residents feared the meltdown of the Fukushima 

Daiichi Nuclear Power Plant (FNPP)’s reactors (Fukunaga, 2015; Shibahara, 

2011). In contrast to the Chernobyl accident, the Fukushima accident has, to 

date, resulted in no deterministic effects and no worker deaths; furthermore, the 

current estimates of the population’s radiation exposure doses are also much 

lower for which cancer excesses have been detected among atomic bomb 
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survivors after 60 years of follow-up (Boice, 2012). It would be difficult to detect 

any low-dose radiation-induced effect on male reproductive potential among men 

from this area. 

A 2016 study showed that, although the median concentrations of 134Cs 

and 137Cs in the mice from Fukushima exceeded 4,000 Bq/kg, there were no 

significant differences in the apoptotic cell frequencies or the frequencies of 

morphologically abnormal sperm among the capture sites (Okano et al., 2016). 

The authors concluded that radiation did not cause substantial male subfertility in 

Fukushima during 2013 and 2014, and radionuclide pollution levels in the study 

sites would not be detrimental to the spermatogenesis of wild mice in Fukushima. 

However, a 2017 study of male large Japanese field mice captured in Fukushima 

after the nuclear disaster showed the increased numbers of spermatogenic cells, 

PCNA-positive cells, and transferase dUTP nick end labelling (TUNEL)-positive 

apoptotic cells per seminiferous tubule, suggesting that enhanced 

spermatogenesis occurred in large Japanese field mice living in and around the 

FNPP ex-evacuation zone (Takino et al., 2017). In this study, external dose rate 

from radiocesium (combined 134Cs and 137Cs) in these animals at the three 

sampling sites in Fukushima exhibited 21 μGy/day, 304-365 μGy/day, and 407-

447 μGy/day. 

During the long and dynamic differentiation process of spermatogenesis, 

as previously mentioned, sperm-forming cells can be affected by radiation, in 

particular low-dose radiation, through a number of possible mechanisms 

including apoptosis, and ROS-mediated effects. It appears possible that adverse 

health effects on spermatogenesis may result in those exposed to low-dose and 
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chronic radiation and contamination via occupational irradiation or nuclear 

disasters. However, as shown in Table 1-1, there is as yet, insufficient 

epidemiological knowledge to assess the risks of low-dose radiation exposure in 

male reproductive systems. 
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Table 1-1. Environmental radiation effects on sperm characteristics. 
(Fukunaga et al., 2017a)  

Subject Sperm quality change References
83 health workers 
occupationally exposed 
to ionizing radiation

motility characteristics, 
morphological abnormalities, 
DNA fragmentation, global 
hypermethylation

(Kumar et al. 2013)

46 men occupationally 
exposed to ionizing 
radiation 

motility characteristics, 
morphological abnormalities, 
DNA fragmentation

(Zhou et al. 2016)

125 workers in the clean-
up of the Chernobyl 
nuclear disaster

decrease of sperm counts, 
azoospermia, morphological 
abnormalities

(Cheburkov & Cheburkova 
1993)

18 individuals engaged 
in clean-up operations 
after the Chernobyl 
nuclear accident

motility characteristics, 
morphological abnormalities 

(Fischbein et al. 1997)

Fukushima nuclear 
accident

Wild large Japanese 
field mice (Apodemus 
speciosus) captured in 
Fukushima

no significant change of 
morphological abnormalities

(Okano et al. 2016)

Occupational 
radiation exposure

Chernobyl nuclear 
accident
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1.10. Hypothesis of the project 

How does low-dose (or low-dose-rate) radiation, such as environmental 

radiation, affect the long process of spermatogenesis? There would be two 

possible approaches to understand the low-dose radiation-induced on 

spermatogenesis: non-uniform dose distribution of radiation at low doses and 

individual variation in radiosensitivity (Fukunaga et al., 2017b). 

From the point of view of radiation micro-dosimetry, for low-dose or low-

dose-rate exposure, the energy deposition of radiation is localized along its track, 

resulting in a non-uniform distribution of exposed or unexposed cells in the 

irradiated tissue. Thus, in the low-dose radiation situation, there are possible 

interactions between the irradiated and the non-irradiated cells (Prise et al., 2003). 

To assess low-dose radiation-induced effects on spermatogenesis, we should 

consider such non-targeted effects would be involved. The conventional concept 

of radiation protection is based on epidemiological studies of radiation that 

support a positive correlation between dose and response. However, there is a 

remarkable difference in biological responses at the tissue level, depending on 

whether radiation is delivered as a uniform or non-uniform spatiotemporal 

distribution due to TSE (Fukunaga and Prise, 2018). From the point of view of 

radiation micro-dosimetry, environmental radiation is delivered as a non-uniform 

distribution, and radiation-induced biological responses at the tissue level, such 

as TSE, would be implicated in individual risk following exposure to environmental 

radiation. 

We hypothesize that the health risks of non-uniform radiation exposure 

are lower than the same dose at a uniform exposure, due to TSE following 



74 
 

irradiation. Testing the hypothesis requires both radiobiological studies using 

high-precision microbeams and the epidemiological data of environmental 

radiation-induced effects. The implications of the hypothesis will lead to more 

personalised approaches in the field of environmental radiation protection. The 

detection of temporospatial dose distribution could be of scientific importance for 

more accurate individual risk assessment of exposure to environmental radiation. 

Further radiobiological studies on non-uniform radiation-induced biological 

responses at the tissue level are expected. 

Secondly, radiogenomic studies have recently determined that individual 

variation in radiosensitivity is greater than expected, suggesting that conventional 

approaches to RT and radiation risk assessment are insufficient (Fukunaga et al., 

2016). Work in this area focuses on uncovering the underlying genomic causes 

of individual variation in radiosensitivity, which is of clinical importance (West and 

Barnett, 2011). In fact, the GWAS studies, which investigate the association 

between SNPs (the independent variable) and a phenotype of interest (the 

dependent variable) (Carter et al., 2017), were performed for personalised 

prediction of RT-induced second cancer risk. In 2011, GWAS data indicated that 

variants at 6q2 (rs4926728 and rs1040411) are strongly associated with risk for 

second malignant neoplasms after radiation treatment for Hodgkin’s lymphoma 

in childhood (Best et al., 2011). Furthermore, for survivors who received >10 Gy 

breast radiation exposure in childhood, a locus on 1q41 was associated with 

subsequent breast cancer risk (rs4342822, hazard ratio = 1.92, 95% CI = 1.49 to 

2.44, P = 7.09 × 10–9), and two rare variants also showed potentially promising 

associations (breast radiation ≥ 10 gray: rs74949440, P = 5.84 × 10–8; < 10 gray: 
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rs17020562, P = 6.68 × 10–8) (Morton et al. 2017). 

We hypothesize that there would be individual difference of responses 

following low-dose irradiation. In fact, patients and heterozygotes of DNA repair 

disorders such as Li-Fraumani syndrome and A-T are known to show radiation 

hypersensitivity (Pollard and Gatti, 2009). Thus, to assess low-dose radiation 

health risk, we should also consider such individual difference. 

For establishing the personalized risk assessment of low-dose radiation 

effects on spermatogenesis, in my PhD project, the main aims are following. 

1) to investigate the impact of significant alterations in spermatogenesis in 

response to non-uniform radiation fields (Chapters 2-4). 

2) to estimate genetic diversity of radiosensitivity at the population level (Chapter 

5). 
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Chapter 2: Non-targeted effects on cell survival in 

15P-1 Sertoli cells 
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2.1. Outline 

The hypothesis tested in this chapter is that ‘radiation-induced bystander 

signalling occurs in testicular cells in response to modulated radiation fields.’ To 

do this, we assessed the in- and out-of-field survival rates of testicular cells 

irradiated using a primary target field or scattered radiation in the presence of 

intercellular communication. 

We determined the non-targeted effects of radiation on testicular cell 

survival using a clonogenic cell survival assay in mouse Sertoli 15P-1 cells after 

their exposure to a variety of modulated radiation field configurations delivered 

using a conventional X-ray irradiator. We used a Pb shielding material, where half 

of the cell population was shielded, to deliver non-uniform dose distributions. The 

dose rate was 1 Gy/min, and the total doses of X-rays absorbed by the cells were 

0 (control), 0.5, 1, 2, and 4 Gy. Cellular radiosensitivity was investigated in 

clonogenic survival assays. Data was fitted with the LQ model. 

We found decreased survival rates among cells in the exposed part of 

the field. The LQ modelling which confirmed that the in-field dose response curve 

(α = 0.32±0.02, β = 0.16±0.02) appeared to diverge from the uniform field 

response (α = 0.29±0.04, β = 0.06±0.02) as a function of dose. In addition, in the 

shielded region, we found clonogenic survival to be lower than what had been 

predicted using the LQ model. As bystander responses generally saturate and do 

not affect the whole cell population, the non-responding cell population and the 

rate of bystander response are defined as P (bystander limit) and γ, respectively. 

The shielded region survival is therefore SF=P+(1-P)*exp(-γ*D), where D is the 

dose delivered to the exposed part. The initial slope of this curve is (1-P)*γ, 
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comparable to α in the LQ. The 15P-1 cells in the section showed decreased 

survival (P=0.83±0.06, γ=62.6±61.2, (1-P)*γ=10.6). This suggests an effect which 

saturated at a scattered dose of >0.03Gy at around 80% survival. 

These data indicated that shielded (out-of-field) and exposed (in-field) 

effects are important determinants of cell survival in the aftermath of exposure to 

modulated irradiation fields; cellular communication among differentially 

irradiated cell populations plays an important role in these rates. The non-

targeted effects on cell survival in a variety of cell types and species have been 

demonstrated in several previously published studies; however, this study is first, 

to our knowledge, to demonstrate these effects on testicular cells, despite the 

many physiological differences between in vitro and in vivo conditions when 

investigating biological phenomena. 
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2.2. Materials and Methods 

2.2.1. 15P-1 Sertoli cells 

 Many Sertoli cell lines have been developed using large T agents (LTAg), 

large T protein of polyoma virus (PyLT), oncogenes, or from transgenic animals 

that express the LTAg gene (Wang et al., 2016). The LTAg promotes cellular 

transformation. The 15P-1 Sertoli cell line was established using the testicular 

cells of transgenic mice that express PyLT in the seminiferous epithelium (Paquis-

Flucklinger et al., 1993) (Figure 2-1). The line retains the primary Sertoli cells’ 

morphological and functional features (Wang et al., 2016). A Sertoli cell is a nurse 

cell that functions by helping spermatogonial cells through the long 

spermatogenesis process.  

We obtained 15P-1 cells directly from Prof Takehiko Ogawa’s lab at 

Yokohama City University (Yokohama, Japan) and grew them in DMEM 

(Dulbeccos modified Eagles medium), supplemented with 10% foetal bovine 

serum and 1% penicillin/streptomycin. 

 

2.2.2. Cell culture 

The subculturing of the cells was done by trypsinization with 

1xTrypsin/EDTA (GIBCO, Invitrogen, Carlsbad, CA) and when the cells detach, 

an equal volume of DMEM containing 10% foetal bovine serum was added to 

neutralize the trypsin/EDTA. Cells were pelleted by low speed centrifugation 

(~400 g) for 3 minutes, resuspended in PBS (phosphate buffered saline), counted, 

and re-plated promptly. The cells were maintained at 37°C in a humidified 

atmosphere of 95% air and 5% CO2.  
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Figure 2-1. Sertoli 15P-1 cells.  
Morphology of the 15P-1 cells in microscopy. Scale bar, 500 µm. 
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2.2.3. Experimental design and validation of irradiation set-up 
The cells were exposed to X-rays through the lid of the culture dish using 

an X-ray generator with a W-target operated at a tube voltage of 150 kVp (Softex, 

Kanagawa, Japan) and tube current of 4.1 mA. The most intense energy peak of 

the characteristic X-rays shown by the titanium anode was approximately 60 keV. 

An aluminium filter (0.2 mm) was used to filter X-rays lower than 7 keV. The dose 

rate was 1 Gy/min, and the total doses of X-rays absorbed by the cells were 0 

(control), 0.5, 1, 2, and 4 Gy. To achieve non-uniform dose distributions in which 

half of the cell population was shielded, we used a Pb shielding material set 

downstream from the X-ray source (Figure 2-2). The dose distributions were 

confirmed using Gafchromic XR-RV3 radiochromic film (Ashland Inc., Covington, 

KY, USA) (Figure 2-3). 

Clonogenic assays were completed in 50% shielded T25 culture flasks 

(shielded vs. exposed) or uniformly irradiated flasks, as previously described 

(Butterworth et al., 2011). All flasks were cultured following irradiation until 

colonies (defined as >50 cells) formed (approximately 7–10 days). After staining 

with 0.5% crystal violet in 50% methanol, colonies were manually counted under 

stereo microscope. A visual colony count was conducted; in the T25 flasks, a 

penumbra region at the shield and flask edges of 5mm was omitted. 
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Figure 2-2. Modulated X-ray fields and the dose profile. 
Cells were irradiated in a single T25 flask. Dose profiles were measured using 
Gafchromic film. Error bars indicate ± standard error of the mean. Penumbra regions 
were excluded from analysis. A 0.5-cm ‘‘exclusion zone’’ was set where cells were not 
analysed to allow for uncertainties in setup and to avoid analysis at any steep dose 
gradients. 
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Figure 2-3. Dose distributions between the irradiated and the not-irradiated areas. 
There are penumbra regions as observed on radiochromic film. 
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We calculated the plating efficiency (PE) by dividing the number of 

colonies by the number of cells and the surviving fraction (SF) was defined as the 

experimental PE divided by the control PE. We used the LQ model to fit all data, 

as which defines two components of cell killing: αD, which is proportional to the 

first dose, and βD2, which is proportional to dose2. The equation SF=exp(-αD-

bD2) was used to calculate the α/b component for uniform irradiation. 

Our analysis of the dose response curve followed the approaches 

developed by Butterworth et al., 2011 and McMahon et al., 2012 (Butterworth et 

al., 2011; McMahon et al., 2012). Given that bystander responses typically 

saturate, having no effect on the cell population as a whole, we define this non-

responding population as P (bystander limit); the bystander response rate is 

denoted by γ (Bill et al., 2017). Considering the above, the shielded region 

survival rate is calculated as SF=P+(1-P)*exp(-γ*D), where the dose delivered to 

the exposed part is denoted as D. The initial slope of this curve is (1-P)*γ, 

comparable to α in the LQ (Trainor et al., 2012). 

 

2.2.4 Data analysis 
Statistical errors on values were calculated as the standard error. All 

experiments were performed at least three times in each case. The T25 technical 

replicates were averaged to produce an experimental value, which was then 

analysed and expressed as mean ± SEM. Statistical significance was determined 

using the Student’s t-test, with p<0.05 considered to be significant. 
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2.3. Results 

To assess the non-targeted effects on the survival of testicular cells, cell 

survival data both in and out of field following non-uniform exposure was obtained 

for mouse Sertoli cells (15P-1) (Figure 2-1). Cells were irradiated in a T25 flask, 

with the penumbra region omitted from analysis. The non-uniform dose profiles 

for each configuration are shown in Figure 2-2 and 2-3. The dose rate was 1 

Gy/min, and the total doses of X-rays absorbed by the cells were 0 (control), 0.5, 

1, 2, and 4 Gy. Cellular radiosensitivity was investigated in clonogenic survival 

assays. Cell survival following exposure to a uniform field, compared with the in- 

and out-of-field responses following non-uniform exposure, is shown in Figure 2-

4. 

We observed that the exposed section survival of 15P-1 Sertoli cells was 

significantly reduced (p < 0.01), compared with the cells that were uniformly 

irradiated at 4Gy, suggesting the non-targeted alterations in cell survival. The LQ 

modelling which confirmed that the in-field dose response curve (α = 0.32±0.02, 

β = 0.16±0.02) appeared to diverge from the uniform field response (α = 

0.29±0.04, β = 0.06±0.02). 

Also, we found clonogenic survival in the shielded section to be lower 

than what had been predicted using the LQ model. At 0.12 Gy, the estimated 

survival rates of the uniform, the in-field, and the out-of-field sections are 0.961, 

0.961, and 0.793 respectively. The 15P-1 cells in the out-of-field section showed 

decreased survival (P=0.83±0.06, γ=62.6±61.2, (1-P)*γ=10.6), indicating a 

bystander effect which saturated at a scattered dose of >0.03Gy at around 80% 

survival. 
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Thus, according to these results, the radiation-induced bystander effects 

were observed to decrease the cell survival of 15P-1 Sertoli cells, while the 

underlying molecular mechanisms are yet to be determined. 
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Figure 2-4. The bystander effect decreases cell survival of 15P-1. 
(A) Surviving fraction of 15P-1 cells plotted against the radiation dose range 0.5–4Gy (all 
N=3). 
(B) Summary data from LQ modelling of survival curves for the 15P-1 Sertoli cell line in 
uniform irradiated, in-field, and out-of-field conditions shown in panels. α represents a 
single hit killing mechanism (e.g., non-reparable DNA DSBs), whereas β represents 
multiple hit processes. The α/β ratio represents the dose at which both processes play 
an equal role (e.g., the higher the ratio, the less repair will be occurring). The γ value 
shows the response rate where a higher value describes rapid response. 
The exposed section survival of 15P-1 Sertoli cells was significantly reduced (p < 0.01), 
compared with the cells that were uniformly irradiated at 4Gy. The clonogenic survival in 
the shielded section to be lower than what had been predicted using the LQ model. 
Statistical significance was determined using the Student’s t-test.  
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2.4. Discussion 

In this study, we have shown the non-targeted effects of radiation on 

testicular cell death in vitro, although their underlying molecular mechanisms 

need to be determined. This demonstrates the potential involvement of such 

effects in radiation-induced biological responses during the long process of 

spermatogenesis. However, the endpoint in this initial study was just cell death, 

so we cannot predict the non-targeted effects on gene mutations, genetic 

instability or carcinogenesis, as one of technical limitations. 

For more than 25 years many non-targeted effects have been described 

since the first report on the RIBE by Nagasawa and Little in 1992. Radiation 

research on non-targeted effects has been undertaken using a variety of 

experimental systems focusing on in vitro cultured cells, suggesting that DNA 

damage and genetic instability due to non-targeted effects play a significant role 

in the effects of radiation on cells (Kadhim et al., 2013). A key characteristic of 

RIBE, in contrast to direct irradiation effects, is the dose-response relationship. 

Instead of an increased response with an increasing radiation dose, the RIBE 

becomes saturated at relatively low doses (typically less than 1 Gy) (Prise and 

O’Sullivan, 2009). Such non-targeted effects are mediated either through gap 

junctions or via soluble factors released by irradiated cells, such as TGF-β, TNF-

α, IL-8, nitric oxide, membrane signalling, DNA fragments, and ROS (Blyth and 

Sykes, 2011). Also, the RIBE is strictly a low-dose phenomenon, since at high 

doses the bystander effect observed at low doses will be largely overshadowed 

by direct damage to cells (Asur et al., 2015; Hei et al., 2008), nevertheless some 

evidence has suggested that even direct effects have a component of bystander 
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signalling (McMahon et al., 2012). Therefore, the effects of RIBE in modulated 

radiation fields on the sperm-forming cells can be predicted, however, the 

specifics of any biological mechanism remain unclear, and further research is 

needed. 

In addition, there are several technical limitations of this study’s 

investigation of the overall radiation-induced effects on spermatogenesis. First, 

the focus of this study is not on the non-targeted effects on spermatogonial cells, 

because the in vitro culturing of such cells remains technically difficult. Sertoli 

cells play a supporting role in the testes rather than a functional part of the 

spermatogenic process. In 2011, Ogawa et al. succeeded in producing functional 

sperm from SSCs taken from mouse testes via an organ culture method. This 

was the first demonstration of mammalian in vitro spermatogenesis (Sato et al., 

2011a). However, a pure culture of spermatogonial cells in a culture flask or dish 

cannot yet be achieved even now. 

Second, one of the weaknesses of in vitro experiments is that they fail to 

replicate the precise cellular conditions of an organism. Because of this, in vitro 

studies may lead to results that do not correspond to the circumstances at the 

tissue level. In fact, this study cannot consider the intercellular communication 

among different cells in the testes, including spermatogonial cells. In general, in 

vivo testing is used and preferred over in vitro tests, because it is more well-suited 

for observing the overall effects of an experiment involving a living subject. 

 The next step is to launch further investigations at the tissue level. To do 

this, we used an ex vivo testes organ culture and the transgenic mouse model 

expressing Acrosome-green Fluorescence protein (Acr-GFP). These mice 
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express meiosis-specific GFP, which can be visualised and graded according to 

developmental stages and then used to determine the functional impacts on 

spermatogenesis.  
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Chapter 3: Application of an ex vivo organ model for 

investigating radiation effects on spermatogenesis 
 
Adapted from 

Fukunaga H, Kaminaga K, Sato T, Usami N, Watanabe R, Butterworth 
KT, Ogawa T, Yokoya A, Prise KM. Application of an Ex vivo Tissue Model 
to Investigate Radiobiological Effects on Spermatogenesis. Radiation 
Research 2018; 189: 661-667. 
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3.1. Introduction 

Tissue has a highly dynamic structure to keep a stable internal 

environment which requires constant adjustments as conditions change inside 

and outside the cell for maintaining homeostasis. Thus, it reveals remarkable 

differences in biological responses depending on whether radiation is delivered 

via a non-uniform or uniform temporospatial distribution; this is a result of the 

tissues’ homeostasis. When we consider radiation micro-dosimetry in the 

irradiated tissue, as described below in Section 1.5, low-dose environmental 

radiation is non-uniform at the micro-scale level in its distribution. Furthermore, 

such highly heterogenous and complicated dose distributions have been shown 

to cause radiation-induced effects mediated by intercellular signalling from 

irradiated cells in the high dose regions to those in the low-dose or non-irradiated 

regions, as defined as non-targeted effects (see Section 1.6). RIBE, one of non-

targeted effects, induces changes in cell proliferation, gene expression, genetic 

instability and apoptosis (Prise and O’Sullivan, 2009). Although most of the 

reported bystander responses have been cell damage, there are data on 

bystander-mediated adaptive response (Iyer and Lehnert, 2002a, 2002b) and 

other protective responses such as increased cell proliferation (Shao et al., 2003) 

and secretion of growth inhibiting factors (Belyakov et al., 2002) from the 

bystander cells. However, even now their role in clinically relevant exposure 

scenarios remains undetermined, as there is a lack of experimental models that 

adequately reproduce clinical scenarios (Butterworth et al., 2013). 

One of the most important process for the propagation of life is 

spermatogenesis; however, the testes’ ability to form sperm via this process is 
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highly radiosensitive and easily impacted by exposure to environmental, 

occupational or therapeutic radiation. Damage to the spermatogenesis process 

can be a result of either direct radiation of the testicular tissue or a scattered dose 

delivered during treatment for prostate, bladder, penile, testicular or rectal 

cancers (Osterberg et al., 2014). When the testes are exposed to a total dose 

exceeding 2.5 Gy delivered as multiple fractions, permanent azoospermia often 

results. In cases of single fraction exposure, doses of greater than 6 Gy have the 

same effect (Howell and Shalet, 2005; Meistrich, 2013). Further investigation of 

the effect of radiation on spermatogenesis are warranted to define the 

mechanism of action, reduce infertility risks and to improve cancer survivors’ 

quality of life. 

In this study, we used an ex vivo mouse testes culture as an experimental 

model of spermatogenesis to investigate the radiation-induced biological effects 

on the process of spermatogenesis and to demonstrate the model’s feasibility as 

a means of determining testes’ responses to modulated radiation fields. The 

original ex vivo organ culture method developed by Sato et al. (Sato et al., 2011a) 

has significant utility in that intact spermatogenesis is preserved such that, if 

required, live sperm can be propagated in vivo. Here, focussing on its ex vivo 

functionality, we extended it to monitor spermatogenesis in the Acr-GFP 

transgenic mouse model, which can express meiosis-specific GFP during the 

process of spermatogenesis (Yokonishi et al., 2013). The application of this model 

allows us to observe directly functional changes in real-time; these, in turn, can 

be used in the analysis of radiation-induced changes in the spermatogenesis 

process with fluorescence microscopy. The testicular tissues were obtained from 



95 
 

7 days postpartum (dpp) mice, which were transferred to an X-ray irradiation 

facility and cultured for more than one month. We observed changes in real time 

and analysed the spermatogenesis process and how it was affected by the 

application of radiation exposure. 
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3.2. Materials and Methods 

3.2.1. Acr-GFP transgenic Mice  
The Acr-GFP transgenic mice used in this study were obtained from the 

RIKEN BRC, Tsukuba, Japan through the National BioResource Project of MEXT, 

Japan. Female ICR, C57BL/6 (CLEA Japan), or ICR × C57BL/6F1 mice were 

mated with male transgenic mice to produce pups (Nakanishi et al., 1999; Ventelä 

et al., 2000). These mice express the GFP marker specific for meiosis, rendering 

them extremely useful for monitoring the spermatogenesis progress with 

fluorescence microscopy (Figure 3-1). 

 

3.2.2. Ex vivo testes organ culture 
Testes were obtained from 7 dpp Acr-GFP transgenic mice. We dissected 

each testes sample into 8–10 pieces of approximately 1 mm3 in size, when 

compacted (Yokonishi et al., 2013). As shown in Figures 3-2 and 3-3, each piece 

of tissue was immediately placed on a 1.5% agarose gel block and immersed in 

0.5 mL of α-MEM (Minimum Essential Medium Eagle, Alpha Modification) 

medium containing 10% KSR (KnockOut Serum Replacement, Thermo Fisher 

Scientific K.K., Yokohama, Japan), 1% antibiotic mixture solution (Antibiotic-

Antimycotic, Thermo Fisher Scientific K.K.) and 0.2 mM NaHCO3 in a 12-well 

culture dish. KSR is a defined serum-free formulation optimized to grow and 

maintain pluripotent stem cells in culture. A humidified incubator at 34 °C in an 

atmosphere of 95% air/5% CO2 was used to culture all samples. The sample with 

a disk-like shape was approximately 200 µm thick, and its diameter was roughly 

2000–2500 µm (Fukunaga et al., 2019a).  
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Figure 3-1. GFP expression in Acr-GFP transgenic mouse. 
Testes of mice 7 dpp typically contain only spermatogonia, and the differentiation from 
spermatogonia in the testes usually begins from around 7-8 dpp. According to the 
process of meiosis, GFP expressions change in the spermatogonial cells. 
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Figure 3-2. Schematic representation of ex vivo testes organ culture method. 
We separated testicular tissues (of approximately 1–2 mm3 in size) to establish organ 
cultures and placed them on sterile agarose gel stands half-soaked in the medium. KSR 
is a defined serum-free formulation optimized to grow and maintain pluripotent stem cells 
in culture. The mice express a meiosis-specific GFP, which can be visualised and graded 
according to developmental stage. These, in turn, can be used to assess functional 
impacts on spermatogenesis. This novel ex vivo testes organ culturing method facilitated 
clear and easy microscopic monitoring of the spermatogenesis process for more than 70 
days. 
(Fukunaga et al., 2019a) 
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Figure 3-3. Procedure of ex vivo testes organ culture method. 

(A) Male pup selection. The anogenital distance, that is, the distance between the 
mouse's genital area and anus, is a key element for determining its sex. In female mice, 
the genital area is much closer to the anus. Here, the mouse on the left is a male pup, 
and the one on the right is female. 
(B) After euthanising the pup, we used two fine forceps to remove testes. These were 
immediately placed in small dishes containing fresh culture medium that had been cooled 
on ice. We then used forceps to separate the testicular tissue into smaller pieces of 
seminiferous tubules. The sizes of the pieces were arbitrary, but were approximately 1 
mg in weight when compacted. All pieces were preserved in culture medium. Then, 
separated pieces of tissue (approximately 1–2 mm3 in size) were placed on a 1.5% 
agarose gel block immersed in 0.5 mL of α-MEM medium containing 10% KSR 
(KnockOut Serum Replacement, Thermo Fisher Scientific K.K., Yokohama, Japan), 1% 
antibiotic mixture solution (Antibiotic-Antimycotic, Thermo Fisher Scientific K.K.) and 0.2 
mM NaHCO3 in a 12-well culture dish. 
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Figure 3-4. Optical and fluorescence images of ex vivo culture tissues at one 
month. 
Scale bar, 500 µm. 
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3.2.3. Conventional broad-field X-ray irradiation setup 
To observe radiation-induced effects on spermatogenesis, all cultured 

testicular tissues were irradiated at 7 dpp at doses of 0.2 (n=3), 0.5 (n=4), 1 (n=3), 

2 (n=4), 5 (n=4) and 10 Gy (n=4) at dose rates of 1 Gy/min, or left unirradiated 

(n=4). A single tissue sample from each mouse testes was randomly assigned to 

an experimental group. We used a minimum of four tissue samples each from 

different donor mice in each experiment; however, any samples judged 

contaminated were excluded from use. 

A conventional X-ray source (W150, SOFTEX, Sagamihara, Japan) 

operated at a tube voltage of 150 kV and tube current of 4.1 mA was used to 

perform the irradiation. Characteristic X-rays from the titanium anode were used 

to expose the samples, and the most intense energy equalled approximately 60 

keV. An aluminium filter (0.2 mm) was used to remove X-rays lower than 7 keV. 

Tissues were placed in the irradiation chamber of the X-ray apparatus and 

exposed to X-rays vertically through the dish lid (Figure 3-5). 

 

3.2.4. Synchrotron-generated X-ray microbeam irradiation setup 
The 5.35 keV monochromatic X-ray microbeam irradiation was 

performed using the synchrotron beamline BL-27 at the Photon Factory, High 

Energy Accelerator Research Organization (KEK) in Japan (Figures 3-6 and 3-7). 

The microbeam size was adjusted using a four-dimensional slit system to a 

300×300 µm square beam spot. The exposure was determined by measuring X-

ray beam intensity upstream of the slit system using a specially designed free air 

ionization with parallel-plate-collecting-electrodes of 30 mm length with a 40 mm 

space between the electrodes (Kobayashi et al., 1987).  
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Figure 3-5. Schematic representation of the irradiation and observation setup for 
ex vivo testes organ culture. 
Testes were obtained at around 7 dpp from Acr-GFP transgenic male mice and each 
piece of tissue was placed on agarose gel in media for ex vivo culture for 24 hours. Next 
day, tissues in the culture dish were placed in the irradiation chamber of the X-ray 
apparatus and exposed to X rays vertically through the dish lid. Following X-ray 
irradiation, the ex vivo testes organ cultures were monitored daily for more than 30 days 
by fluorescence microscopy capture GFP-fluorescent and bright-field images. 
(Fukunaga et al., 2018) 
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Figure 3-6. Photon Factory, High Energy Accelerator Research Organization 
(KEK) in Tsukuba, Japan. © KEK  
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Figure 3-7. Synchrotron-generated X-ray microbeam irradiation settings. 
(A) Photo of X-ray microbeam irradiation settings for ex vivo testes organ cultures. 
(B) Optical apparatus for X-ray microbeam irradiation, using the synchrotron beamline 
BL-27 at the Photon Factory, High Energy Accelerator Research Organization (KEK). 
(Fukunaga et al., 2019a) 
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A silicon photodiode (AXUV-100, International Radiation Detectors Inc., 

Torrance, CA, USA) was used as a second detector for the intensity 

measurements at both the microscope stage (downstream of the slit) and incident 

beam position (upstream of the slit). The photodiode current at the sample 

position was converted to an exposure value of approximately 7.7×10-3 C/kg/s, 

which was confirmed by photon flux (9.3×103 photons/s/100 mm2). The exposure 

applied to the sample was 0.26 C/kg, which roughly corresponds to an absorbed 

dose of 5 Gy. 

The energy mass absorption coefficient (men/r) at 5.3 keV of testicular 

tissue (3.17 ×101 cm2/g) is close to that of water (3.21 ×101 cm2/g) (XCOM: 

Photon cross section database (version 3.1); thus, the beam attenuation of the 

monochromatic soft X-rays in the sample were estimated assuming the track 

structure in water. We calculated the absorbed doses in each cubic volume (1 

µm) at a particular depth from the sample surface based on the number of photo-

absorption events and the track structures of secondary electrons using a Monte 

Carlo track structure code, TRACEL (Tomita et al., 1997; Watanabe and Saito, 

2002). When a cell volume was assumed to be a 10 mm cube, the doses 

delivered to each cell at the same depth level were uniform; however, the depth 

direction of the beam intensity was significantly attenuated exponentially. The 

cells at the bottom of the sample received doses that were only 38% of the dose 

received in the cells at the top surface. Doses delivered by the secondary 

electrons to the outside region of the microbeam area were negligible (0.25%), 

as a result of their very short range (1.1 µm maximum).  
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3.2.5. Live-tissue imaging by fluorescence microscopy and GFP 
grading 

After being exposed to X-rays, the cultured tissues were monitored daily 

for more than 30 days using a fluorescence microscope (BZ-X700, Keyence, 

Osaka, Japan) equipped with an objective lens (x4 magnification) to capture 

GFP-fluorescent and bright-field images. The metal-halide lamps were used for 

GFP fluorescence microscopy, with an excitation wavelength of 488 nm (FITC 

470/40 nm excitation filter) and emission wavelength of 509 nm (FITC 525/50 

emission filter) were used. All exposure times were 150 ms for the bright-field 

images and 1.5 s for the GFP-fluorescent images. Following these observations 

at different time points, samples were returned to the incubator and images were 

acquired on alternate days. 

In this study, we should consider the effects of the phototoxicity of GFP 

excitation light from fluorescence microscopy on live tissues. Thus, with Periodic 

acid-Schiff (PAS) staining, we investigated how the phototoxicity of GFP excitation 

light affected the observed areas. The GFP-fluorescent and bright-field images 

acquired on alternate days showed almost intact spermatogenesis in the cultured 

samples, which indicates only a negligible level of phototoxicity. PAS staining is 

often used to visualise the changes in a developing acrosome during the genesis 

of the acrosome and can reveal the presence of round or elongated spermatids. 

Tissues were fixed using Bouins fixative (Muto Pure Chemicals, Tokyo, Japan) 

and embedded in paraffin. One section showing the largest cut surface was 

selected for each specimen and stained with PAS-haematoxylin. 

Image J software (NIH, Bethesda, MD) was used to determine 

quantitatively the GFP levels expressed in the peripheral region of the testicular 
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tissue. The centres and edges of unirradiated control tissues showed distinct 

necrosis or tissue damage, a by-product of the organ culture method’s technical 

limitations (Figures 3-8 and 3-9). For this reason, a mask was applied to the 

damaged regions, and GFP expression was determined only in the  peripheral 

areas of the tissues. 

 

3.2.6. Immuno-chemical staining 
Culture tissues were fixed with 4% (w/v%) paraformaldehyde in PBS at 

4 °C for 6 h or overnight and cryo-embedded in optimal cutting temperature (OCT) 

compound (Sakura Finetek, Tokyo, Japan) before being cut into 7 mm-thick 

sections for immunofluorescence staining. 

Sections were washed once with PBS for 5 min and in 0.2% PBT buffer 

(0.1% (v/v) Tween 20 in 1X PBS) four times each for 10 min. Then, sections were 

blocked with Image-iT® FX Signal Enhancer (Thermo Fisher Scientific, Waltham, 

MA, USA) for 30 min. When Image-iT® FX signal enhancer is used, nonspecific 

fluorescence commonly seen with the application of fluorescent conjugates of 

streptavidin, goat anti-mouse, or goat anti-rabbit IgG is largely eliminated. They 

were incubated overnight at 4 °C with the following primary antibodies: rabbit anti-

γ-H2AX antibody (1:1000; Abcam, Cambridge, UK), rat anti-GENA (anti-germ 

cell-specific antigen antibody) antibody, mouse clone TRA98 (1:1000; 

BioAcademia, Osaka, Japan), rabbit anti-MVH (1:400; Abcam), goat anti-GFRα1 

antibody (1:200; R&D Systems, Minneapolis, MN, USA), chicken anti-GFP 

antibody (1:1000; Abcam) and Rat anti-GFP antibody (1:1000; Nacalai tesque, 

Kyoto, Japan). 
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The anti-γ-H2AX was used to detect DNA DSBs in the nucleus (Rogakou 

et al., 1998). Anti-MVH and anti-GENA antibodies were used to detect germ cells 

(Kim et al., 2015; Tanaka et al., 1997). The anti-GFRa1 antibodies were also used 

to detect SSCs (Kubota et al., 2004; Meng et al., 2000). Nuclei were 

counterstained using Hoechst 33342 (1mg/ml; Bisenzimide H 33342) (Sterzel et 

al., 1985). 

After rinsing four times with PBS containing Triton X-100 (0.2%), the 

following secondary antibodies were used: goat anti-rabbit IgG; goat anti-rat IgG 

and donkey anti-goat IgG, conjugated to Alexa Fluor 488, Alexa Fluor 555 or 

Alexa Fluor 647 (1:200; Thermo Fisher Scientific). Immunologically stained 

samples were mounted on slides in ProLong Diamond Antifade Mountant 

(Thermo Fisher Scientific). We used a fluorescence microscope (BZ-X700, 

Keyence, Osaka, Japan) with the excitation and emission filters for DAPI 

(excitation 360/45 and emission 460/50 nm, blue), GFP (470/40 and 525/50. 

green), TexasRed (560/40 and 630/75, red), and Cy5 (620/60 and 700/75, far 

red). 

 

3.2.7. TUNEL assay 

Using TUNEL labelling, we detected radiation-induced apoptotic cells 

using the In Situ Cell Death Detection Kit, TMR red (Roche, Indianapolis, IN, 

USA) (Loo, 2011). TUNEL is a method for detecting DNA fragmentation by 

labelling the 3’- hydroxyl termini in the double-strand DNA breaks generated in 

the last phase of apoptosis. We performed immunofluorescence staining 

following this apoptosis labelling. 
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3.2.8. PAS staining 
PAS staining is a method used to detect polysaccharides such as 

glycogen, and mucosubstances such as glycoproteins, glycolipids and mucins in 

tissues. Thus, it is commonly used to visualise changes in a developing acrosome 

during acrosome genesis (Couture et al., 1976), can reveal the presence of 

elongated or round spermatids. 

Tissues were fixed with Bouin’s fixative (Muto Pure Chemicals, Tokyo, 

Japan). and embedded in paraffin for PAS staining. One section showing the 

largest cut surface was selected for each specimen and stained with PAS-

haematoxylin. 

 

3.2.9. Statistical analysis 

Student’s t-test was used to assess differences in the GFP expression 

grade. Values with P < 0.05 were considered to indicate a significant difference.  
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3.3. Results and discussion 

3.3.1. Deterministic effects on ex vivo spermatogenesis 
Figure 3-10 shows representative images of the expression of Acr-GFP 

in the testicular cultures following exposure to conventional 150 kVp X-rays. 

Given the distinct necrosis or tissue damage to the centres and edges of 

unirradiated control tissues, due to the technical limitations of the organ culture 

method, we determined GFP expression only in the peripheral areas of the tissue 

sections. GFP expression illustrates the progression of meiosis, and in the control 

cultures, peak expression occurred at around 19–21 dpp. However, we did 

confirm a delay in the dose-dependent peak expression via observations made 

one month after irradiation at a dose of 0.5 Gy or greater (Figure 3-11). The dose-

dependent tissue damage and decreased area of GFP expression were also 

confirmed following irradiation at a level of 1–10 Gy (Figure 3-12). After exposure 

to 1 Gy (Figures 3-13 and 3-14) and 2 Gy X-rays (Figures 3-15 and 3-16), some 

spermatogonial cells remained in the culture tissues, however, in the case of 5 

Gy, almost all the cells were eliminated (Figures 3-17 and 3-18). 

The spermatogenesis process is driven to recovery from radiation 

exposure by surviving SSCs in a dose-dependent manner. In patients, complete 

recovery (i.e., the return to pre-irradiation sperm concentrations and germinal cell 

numbers) occurs 9–18 months after exposure to doses of 1 Gy or less. However, 

irradiation doses that exceed 6 Gy may result in permanent azoospermia (Howell 

and Shalet, 2005). Thus, this ex vivo spermatogenesis model could reproduce 

the deterministic effects of radiation (e.g., temporary infertility and permanent 

sterility) following exposure to X-rays (Fukunaga et al., 2018). 
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Figure 3-8. Apoptosis image of ex vivo testes organ culture. 
TUNEL (A), Anti-GENA (anti-germ cell-specific antigen antibody) (B), Hoechst (C), and 
merged (D) staining images 24 h after starting the culture. The centres and edges of 
tissues showed tissue damage and apoptosis, as a result of the technical limitations of 
the ex vivo testes organ culture method. Scale bar, 500 μm. 
(Fukunaga et al., 2019a) 
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Figure 3-9. HE and immunochemical staining images of ex vivo testes organ 
culture at one month. 
(A) HE staining image of the culture tissue. The centres and edges of the culture tissues 
showed clear tissue damage. Scale bar, 500 µm. 
(B) Immunochemical staining image in the peripheral areas of the culture tissue. Anti-
MVH, Anti-GFP, Hoechst and GFRα are shown as red, green, blue and white, 
respectively. Differentiated spermatogonial cells express Acr-GFP. The peripheral areas 
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of the culture tissue allow the spermatogonial cells to differentiate property from SSCs. 
Scale bar, 50 µm. 
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Figure 3-10. Representative images show GFP expression in single cultures 
exposed to 0 (control) to 10 Gy X-ray (150 keV) obtained at 13–31 dpp, respectively. 
The centres and edges showed necrosis or tissue damage because of the technical 
limitations of the testis organ culture method, thus peripheral areas of the tissue were 
used only for the assessment of GFP expression. 
(Fukunaga et al., 2018) 
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Figure 3-11. Chronological changes in GFP expression. 
The GFP expression levels in the peripheral region of the testicular tissue in irradiated 
and unirradiated explants were determined quantitatively using Image J. The centres and 
edges showed necrosis or tissue damage, due to the technical limitations of the testicular 
organ culture method, thus only the peripheral areas of the tissue were used for the GFP 
expression assessment. Changes after 5 and 10 Gy were the same (0%) during the 
observation periods. Data show the mean GFP expression ± SD at dose of 0 to 10 Gy. 
(Fukunaga et al., 2018)  
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Figure 3-12. GFP expression decrease of ex vivo culture tissues at 29 dpp after 
irradiation. 
There was no significant GFP grade change in samples from the 0 to 1 Gy irradiation, 
while the significant dose-dependent GFP expression decreases were significantly 
observed from the 1 to 10 Gy irradiation. Students t -test was used to determine the 
significance of the differences (**p < 0.01). 
 
  



117 
 

 
 
Figure 3-13. HE histological analysis after exposure to 1 Gy X-rays. 
Almost intact tissue structures in the peripheral areas, indicating radiation-induced 
impacts are recoverable. The tissue is at around 40 dpp (about 30 days after irradiation). 
Scale bars, 100 µm (left) and 50 µm (right). 

 

  



118 
 

 
 
Figure 3-14. Immunochemical histological analysis after exposure to 1 Gy X-rays. 
Anti-MVH (to spermatogonia-spermatids), Anti-GFP (to acrosome), Hoechst (to nucleus) 
and GFRα (to SSCs) in the peripheral areas are shown as red, green, blue and white, 
respectively. Differentiated spermatogonial cells express Acr-GFP. There are SSCs and 
differentiated spermatogonial cells in seminiferous tubules at around 40 dpp (about 30 
days after irradiation). 
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Figure 3-15. HE histological analysis after exposure to 2 Gy X-rays. 
There is obfuscation of morphological structure in the culture tissues after exposure to 2 
Gy X-rays, showing radiation-induced tissue damage (necrosis or apoptosis). The tissue 
is at around 40 dpp (about 30 days after irradiation). 
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Figure 3-16. Immunochemical histological analysis after exposure to 2 Gy X-rays. 

There are still SSCs and differentiated spermatogonial cells in seminiferous tubules at 
around 40 dpp (about 30 days after irradiation). 
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Figure 3-17. HE histological analysis after exposure to 5 Gy X-rays. 
There is clear tissue-damage (necrosis) to most of the tissue after exposure to 5 Gy X-
rays. The tissue is at around 40 dpp (about 30 days after irradiation).  
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Figure 3-18. Immunochemical histological analysis after exposure to 5 Gy X-rays. 
Almost all spermatogonial cells were eliminated after exposure to 5 Gy X-rays, 
showing radiation-induced tissue damage and infertility. The tissue is at around 
40 dpp (about 30 days after irradiation). 
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Using PAS staining, we detected round and elongated spermatids in 

cultures following 1 Gy irradiation (Figure 3-19). These samples appear to contain 

fewer spermatids than the control sample, yet these are not quantified in the 

current study. Following long-term culture of testes tissue (i.e., more than 30 

days), spermatogenesis is at a mature stage, and SSCs are differentiated into 

functional sperm cells and/or spermatids. According to reports published 

previously, offspring can be produced by sperm cells or round or elongated 

spermatids in ex vivo cultures using intracytoplasmic sperm injection and round 

spermatid injection techniques (Sato et al., 2011a, 2011b). Therefore, we predict 

that ex vivo testicular tissue exposed to 1 Gy or lower energy X-rays can maintain 

male gonadal function. However, in this study, we found no round or elongated 

spermatids in cultures exposed to more than 1 Gy, suggesting that radiation 

doses above this threshold may result in irreversible damage to spermatogenesis 

capabilities. 
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Figure 3-19. PAS staining images of ex vivo testes organ culture after exposure to 
1 Gy X-rays. 
Control (A) and 1 Gy-irradiated samples (B). After being cultured for more than one 
month following irradiation, PAS staining was performed to investigate the progress of 
spermatogenesis. We observed round and elongated spermatids (yellow arrows). Scale 
bars: 50 μm. 
(Fukunaga et al., 2018) 
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3.3.2. Radiation-induced apoptosis in the ex vivo testicular tissues. 
According to previous in vivo studies, the loss of spermatogonial cells 

after exposure to IR has been attributed to apoptosis (Hasegawa et al., 1997). 

The testes tissue is composed of several types of germ cells, including stem cells, 

spermatogonia, spermatocytes and spermatids. These different types of germ 

cells are significantly different in their susceptibility to radiation-induced apoptosis. 

In this study, we determined the effects of radiation on apoptosis in the 

ex vivo culture tissues with TUNEL analysis. As shown in Figures 3-20 and 3-21, 

18 hours after 1 Gy irradiation, TUNEL positive cells, namely apoptotic cells, 

significantly increased. This suggests that the deterministic effects of radiation 

(e.g., temporary infertility and permanent sterility) in the ex vivo culture tissues 

following uniform exposure to conventional X-rays have been attributed to 

apoptosis as well as in vivo situations. 

In general, in response to radiation, γ-H2AX foci are generated in 

spermatogonial and somatic cells. However, in this study, we did not use the γ-

H2AX immune-staining to investigate the radiation-induced effects on the process 

of spermatogenesis, because the background level of γ-H2AX index of 

spermatogonial cells are considerably higher than that of somatic cells. One 

disadvantage of γ-H2AX is the frequently observed high background level of 

nuclear foci, thus it is difficult to precisely evaluate the γ-H2AX index. 

Approximately 75% of the spermatogonia die in the process of 

programmed cell death before reaching maturity (Print and Loveland, 2000). In 

addition, massive male germ cell loss is known to result from treatment with 

chemotherapeutic compounds and IR (Fukunaga et al., 2017a; Rendtorff et al., 
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2010). In many of these situations, damaged germ cells are known to undergo 

apoptosis, indicating that several signalling pathways, including FS-7-associated 

surface antigen (FSA) signalling and mitochondrial apoptotic pathways (Wang et 

al., 2010), are activated when the testicular environment cannot support 

spermatogenesis. Our ex vivo spermatogenesis model could also show radiation-

induced responses to eliminate damaged germ cells. 
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Figure 3-20. Immuno-histochemical analysis on radiation-induced apoptosis. 
Blue, green and red show DAPI, γ-H2AX and TUNEL, respectively. Scale bar, 50 µm. 
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Figure 3-21. TUNEL immunohistochemical positive cells of testicular tissues 6 and 
18 h after radiation exposure. 
TUNEL index; TUNEL immunohistochemical positive cells / 10,000 µm2 of the peripheral 
area in the testes organ culture. The Students t -test was used to determine the 
significance of the differences (*** p < 0.01). 
 
  



129 
 

3.3.3. Ex vivo testicular tissue exposed to microbeam X-rays  

We investigated the reproducibility of a modulated dose distribution at the 

microscale level using a synchrotron-generated X-ray microbeam. Figure 3-22 is 

a representative γ-H2AX immunohistochemical image of a testicular tissue 

sample taken 6 hours after irradiation at a dose of 10 Gy via an X-ray microbeam. 

γ-H2AX foci formation confirmed DNA DSBs in the nucleus and clearly 

observable differences following irradiation at a level of 10 Gy (yellow dashed 

300 x 300 μm square), compared to the non-irradiated surrounding area in the 

culture. 

Give the high-precision slit system use to cut out the parallel beam 

(Kobayashi et al., 2009), the distribution of immunostained γ-H2AX in the testes 

cultures was clearly dependent on the shape of the irradiated microbeam. We 

observed clear border lines (with a line width at the single cell level) of γ-H2AX 

foci expression between the irradiated and non-irradiated areas, indicating that 

no doses had been delivered to the non-irradiated area by high energy secondary 

electrons, which have been known to cause frequently undesirable effects on 

non-irradiated areas when conventional radiation sources are used. 

We confirmed the reproducibility of a modulated dose distribution at the 

micro-scale level, thus demonstrating that the X-ray microbeam exposure found 

in this ex vivo model is a suitable system for further investigations of non-targeted 

radiation effects in the testes. Since Tra98 (anti-germ cell-specific antigen 

antibody) staining confirmed the presence of germ cells, in this case, we noticed 

that not only germ cells, but also various somatic cells, showed radiation-induced 

DNA damage.  
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Figure 3-22. Representative γ-H2AX immunohistochemical image of a testicular 
tissue sample 6 hours after irradiation at a dose of 10 Gy using an X-ray 
microbeam. 
γ-H2AX, Hoechst and Tra98 (anti-germ cell-specific antigen antibody) are shown as red, 
blue and green, respectively. γ-H2AX foci clearly show sights regions of radiation-
induced DSBs (yellow dot square, 300 x 300 μm). Scale bar, 50 μm. 
(Fukunaga et al., 2018) 
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This indicates that there may be radiation-induced intracellular signalling 

between somatic and germ cells. Previously published investigations of non-

targeted radiation effects, such as RIBEs, have mostly relied on single cell culture 

models, but these fail to represent any intercellular signalling between different 

cells that may be occurring within the tissue microenvironment (Butterworth et al., 

2013). Further extensive study is required to elucidate responses at the tissue 

level under relevant dose exposure scenarios simulating clinically relevant and 

environmental and occupational exposures. Our results in this study have 

demonstrated the technical feasibility of this ex vivo model’s use in such 

radiobiological studies. 
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3.3.4. An ex vivo organ model for radiation research 
We have shown the research value of our combined ex vivo 

spermatogenesis and X-ray microbeam irradiation techniques and demonstrated 

how they can provide direct, real-time observations in a mouse model to enable 

the analysis of radiation-induced impacts on the male germ line. These technical 

features have the potential to provide novel insights into radiation-induced 

bystander responses that may be used to enhance tumour cell kill or protect 

normal tissues from the damaging consequences of radiation exposure (Prise 

and O’Sullivan, 2009). Furthermore, these features will be useful for future 

investigations into radiation-induced toxicity and/or side effects following RT and 

will specifically provide more accurate assessments of the risk of radiation to 

spermatogenesis.  

Despite the above results, we have observed a number of technical 

limitations associated with our method. For example, due to the lack of vascular 

and matrix structures in the culture, all aspects of the tissue microenvironment 

may not have been recapitulated accurately. Although oxygen influences multiple 

physiological parameters within cells, in this model, oxygen is unloaded from the 

blood. Thus, the relationship between these structures and radiation-induced 

signalling may differ from actual in vivo scenarios where target tissues are 

surrounded by a range of different cell types and interactions from multiple 

physiological systems. 

In addition, this model offers a potential approach to the investigation of 

transgenerational effects resulting from paternal exposure to radiation. To our 

knowledge, the hypothesis of transgenerational effects from paternal exposure in 
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humans remains controversial (Fukunaga et al., 2017a). Interestingly, none of the 

previously reported studies have used non-uniform exposures. However, these 

effects have been detected extending to the germ line of the first generation of 

unexposed offspring in mice, manifested by increased genomic instability in the 

progeny (Dubrova et al., 2000). Some studies have suggested that both 

epigenetic and genomic pathways—such as imprinting errors, sperm DNA 

mutations, genomic instability and the suppression of germ-cell apoptosis—are 

potential mediators of transmissible radiation effects from environmental 

exposure (Fukunaga et al., 2017a). Taking advantage of the advancements being 

made in genetic technology (e.g., single-cell genome and RNA sequencing 

techniques), our model has the potential to support further investigations into the 

effects of radiation on spermatogenesis, including the consequences of spatial 

and temporal modulation and transgenerational effects. 

In conclusion, we found that the model can reproduce radiation-induced 

male germ cell toxicity, such as temporary infertility and permanent sterility. This 

model is a novel application in the field and has significant potential to lead to 

further mechanistic insights into the stochastic and deterministic effects of IR on 

the process of spermatogenesis. For the next step, using synchrotron-generated 

X-ray microbeams, further investigations of tissue-level responses at the 

microscale level in non-uniform radiation fields are expected. Microbeam can 

irradiate individual samples or part of them with a micron or sub-micron size beam 

of IR, including charged particles, X-rays, and electrons (Ghita et al., 2018). To 

do this, we used a 5.35 keV monochromatic X-ray microbeam irradiator at the 

Photon Factory synchrotron facility in Japan as well as the ex vivo mouse 
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spermatogenesis model. For the high-precision X-ray microbeam analysis, we 

used high-precision 12.5, 50 and 200 µm-slit irradiation patterns, where 

approximately 50% of the sample was irradiated (using centre-to-centre 

distances of 25, 100 and 400 μm, respectively). 
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Chapter 4: Tissue-sparing effects in the ex vivo model 
 
Adapted from 

Fukunaga H, Kaminaga K, Sato T, Butterworth KT, Watanabe R, Usami 
N, Ogawa T, Yokoya A, Prise KM. High-precision microbeam radiotherapy 
reveals testicular tissue-sparing effects for male fertility preservation. 
Scientific Reports 2019; 9: 12618. 
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4.1. Introduction 

Spermatogenesis damage can follow either direct IR of the testes or from 

scattered doses received as a part of radiation treatment for cancers of the 

prostate, bladder, rectum or bones (Osterberg et al., 2014). In addition, men’s 

reproductive potential can be affected adversely not only by clinical, but also 

occupational and environmental exposure to radiation (Bonde, 2010; Sheiner et 

al., 2003). Approaching from a radiobiological perspective, we can see that the 

underlying mechanisms of male infertility after radiation exposure are still unclear 

(Fukunaga et al., 2017a). Therefore, understanding such mechanisms and 

preserving male fertility following exposure to various radiation types, particularly 

radiation associated with treatments for cancer, has become one of the most 

significant challenges in the fields of basic, clinical and translational radiation 

research. 

In general, tissue-level radiation-induced effects appear to be dose-

dependent, regardless of a threshold (Brenner et al., 2003; Grant et al., 2017; 

International Commission on Radiological Protection, 2007; National Council on 

Radiation Protection and Measurements, 2018). However, there are remarkable 

differences in responses at the tissue level, depending on whether or not radiation 

is delivered uniformly. Since the concept of MRT, based on the spatial 

fractionation of synchrotron-generated X-ray microbeams at the microscale level, 

was established in the 1990s (Slatkin et al., 1992), notable tissue-sparing 

responses after exposure to micro-slit X-ray microbeams have been confirmed in 

a variety of tissue types and species (Bouchet et al., 2013; Dilmanian et al., 2006; 

Grotzer et al., 2015; Mukumoto et al., 2017; Slatkin et al., 1995; van der Sanden 
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et al., 2010). With this in mind, although TSE’s underlying mechanisms remain 

unclear, we hypothesise that tissue-sparing responses to spatially fractionated 

radiation are involved in low-dose radiation-induced impacts on spermatogenesis. 

In testing our hypothesis, we are the first to show the TSE following MRT 

as a means of preserving spermatogenesis. Then, we clarify the conditions 

required to elicit them in the testes. For these purposes, we employed a novel 

technical combination of a unique ex vivo testes organ culture and synchrotron-

generated X-ray microbeams, enabling us to monitor the spermatogenesis 

process and to assess the radiation-induced impacts easily. In this study, we uses 

a transgenic mouse model expressing the meiosis-specific biomarker Acr-GFP, 

(Nakanishi et al., 1999; Ventelä et al., 2000). We coupled this with a novel ex vivo 

testes organ culture technique developed in 2011 to produce fully functional 

sperm in vitro (Sato et al., 2011a). This facilitated the clear and easy monitoring 

of the spermatogenesis process for more than one month (Yokonishi et al., 2013). 

As previously reported, this ex vivo spermatogenesis model can reproduce 

radiation’s deterministic effects (e.g., temporary infertility and permanent sterility) 

after uniform exposure to conventional X-rays (Fukunaga et al., 2018). 

We also used a 5.35 keV monochromatic X-ray microbeam irradiator at 

the Photon Factory synchrotron facility based at the High Energy Accelerator 

Research Organisation in Tsukuba, Japan (Kobayashi et al., 1987). In 1995, 

Slatkin and his colleagues of the Brookhaven National Laboratory (Upton, NY, 

USA) were the first to report that brain cells show unusual resistance to necrosis 

following exposure to synchrotron-generated micro-slit X-ray microbeams with an 

effective energy region between 32 and 126 keV and a critical energy of 48.5 keV 
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(Slatkin et al., 1995). Matter interacts with high energy X-rays equally through 

Compton scattering and photoelectric processes and (Hine and Brownell, 1956). 

Compton scattering leads to the scattering of photons and electron recoils in an 

energy region similar to the incident X-rays (International Commission on 

Radiation Units and Measurements, 1970). In short, even when irradiated using 

micro-slit X-ray microbeams, the non-irradiated parts of tissues (i.e., ‘valley’ 

sections) still receive a certain dose of radiation from ejected secondary particles. 

However, our experimental, lower energy X-ray (5.35 keV) procedure conducted 

at the Photon Factory made it possible for us to investigate separately the 

responses of irradiated and non-irradiated tissue areas (Fukunaga et al., 2018). 

To investigate biological responses to non-uniform radiation fields, we 

performed high-precision 12.5, 50 and 200 µm-slit irradiation, where 

approximately 50% of the sample was irradiated using a four-dimensional slit 

system of the monochromatic X-ray microbeam irradiator. 
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4.2. Materials and methods 

4.2.1. Animal model and the ex vivo testes organ culture 

We used the ex vivo testes organ culture method with the Acr-GFP 

transgenic mice described in Sections 3.2.1 and 3.2.2. 

 

4.2.2. Live-tissue imaging and the evaluation of GFP expression 
For live issue imaging, we used fluorescence microscopy, as described 

in Section 3.2.5. In this study, the peripheral area GFP expression was classified 

into 6 grades, 0–5, based on the expression area: 0, –20, –40, –60, –80 and –

100% (Figure 4-1) (Sanjo et al., 2018). We omitted the central area from the 

evaluation because, in many cases, the area lacked GFP expression due to 

restrictions on space and nutrient flow (see Figures 3-8 and 3-9). This is one of 

the technical limitations of the ex vivo testes organ culture method for monitoring 

the spermatogenesis process. 

 

4.2.3. Micro-slit irradiation settings 

We used a 5.35 keV monochromatic X-ray microbeam irradiator at the 

Photon Factory synchrotron facility, as described in Section 3.2.4. For the high-

precision X-ray microbeam analysis, we used high-precision 12.5, 50 and 200 

µm-slit irradiation, where approximately 50% of the sample was irradiated (using 

centre-to-centre distances of 25, 100 and 400 μm, respectively). We used a  

Monte Carlo particle transport simulation code, PHITS ver. 2.96 (Sato et al., 2018) 

to calculate dose profiles and confirmed them with Gafchromic XR-RV3 

radiochromic film (Ashland Inc., Covington, KY, USA) (Figures 4-2 and 4-3). 
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To observe the TSE of MRT for preserving spermatogenesis, cultured 

samples were irradiated at 8 dpp with a uniform exposure to 2.5 Gy (n=3) and 

50% micro-slit exposure to 5 Gy, namely 2.5 Gy at the whole tissue level (n=4), 

or left non-irradiated (n=3). From the data presented in chapter 3, we predicted 

that we would observe radiation-induced effects on spermatogenesis after a 

2.5Gy exposure. Then, to investigate effective TSE for spermatogenesis in 

greater detail, cultured samples were irradiated with 50% 200 (n=3), 50 (n=4) and 

12.5, µm-slit exposure at 5 Gy (n=4). A single sample from each mouse testes 

was randomly assigned to an experimental group. A minimum of three tissue 

samples each from donor mice were used for each experiment, though 

contaminated samples were excluded. 

For MRT, we postulated the procedure’s adequacy in averaging the non-

homogeneous peak and valley doses (Dilmanian et al., 2002), or the adequacy 

of using the valley dose as a value that is biologically equivalent to that of a 

seamless, broad beam exposure of live mammalian cells or organisms, but these 

have not been formally and unequivocally confirmed in preclinical experiments. 

 

4.2.4. Immuno-histochemical analysis 
Immunofluorescence staining was performed as described in Section 

3.2.6. We used the following primary antibodies: rabbit anti-γ-H2AX antibody 

(1:1000; Abcam, Cambridge, UK), rat anti-GENA antibody, mouse clone TRA98 

(1:1000; BioAcademia, Osaka, Japan), rabbit anti-MVH (1:400; Abcam), goat 

anti-GFRα1 antibody (1:200; R&D Systems, Minneapolis, MN, USA), chicken 

anti-GFP antibody (1:1000; Abcam) and rat anti-GFP antibody (1:1000; Nacalai 
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tesque, Kyoto, Japan). We also used secondary antibodies, goat anti-rabbit IgG, 

goat anti-rat IgG and donkey anti-goat IgG, conjugated to Alexa Fluor 488, Alexa 

Fluor 555 or Alexa Fluor 647 (1:200; Thermo Fisher Scientific). 

 

4.2.5. Statistical analysis 
One-way analysis of variance (ANOVA) was used to assess differences 

in the GFP expression grades. Values with P < 0.05 were considered indicative 

of significance.   
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4.3. Results 

4.3.1. Deterministic effects on ex vivo spermatogenesis following 

uniform exposure to the synchrotron-generated X-ray beams 

In this study, according to the GFP grading (Figure 4-1), we confirmed 

that the radiation-induced deterministic effects on spermatogenesis (e.g., 

temporary infertility and permanent sterility) in ex vivo replicant samples following 

uniform exposure to the synchrotron-generated X-ray beams are dose-

dependent (Figures 4-4–4-6). 
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Figure 4-1. GFP expression grades. 
Observations of GFP expression along the tubules were designated as signs of 
spermatogenesis. The GFP expressions was classified into six grades, 0–5, based on 
the expression area: 0–10, 11–30, 31–50, 51–70 and 71–100%, respectively. 
(Fukunaga et al., 2019a; Sato et al., 2011a) 
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Figure 4-2. Dose profiles of the 12.5, 50 and 200 µm-width microbeams, calculated 
with PHITS code. 
Within the beam width, the intensity was essentially flat. The deviation of the dose was 
roughly ± 6% of the averaged dose. Due to the very short range of secondary electrons 
(1.1 µm maximum) produced by the 5.35 keV X-ray exposure, the doses delivered 
outside of the irradiated area were negligible (< 0.25%). 
(Fukunaga et al., 2019a) 
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Figure 4-3. Dose profiles of the 12.5, 50 and 200 µm-width microbeams were 
confirmed using Gafchromic XR-RV3 radiochromic film. 
We confirmed the dose profiles using radiochromic film. Scale bars: 1000 (left), 500 
(middle) and 200 µm (right). 

(Fukunaga et al., 2019a) 
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Figure 4-4. Representative images show Acr-GFP expression changes in single 
cultures after 0 (control), 0.5, 1 and 5 Gy uniform X-ray irradiation, from 16 to 24 
dpp. 
Scale bar, 500 µm. 
(Fukunaga et al., 2019a) 
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Figure 4-5. Chronological changes in Acr-GFP expression. 
We confirmed a delay in the dose-dependent peak expression via observations made 
after irradiation at a dose of 0.5 Gy or greater. In addition, we confirmed the dose-
dependent tissue damage and decreased areas of GFP expression after 5 Gy irradiation. 
These results demonstrate the reversible and irreversible radiobiological effects that may 
represent the clinical conditions of temporary infertility and permanent sterility. A 
minimum of three tissue samples each from different donor mice were used in each 
experiment. Data represent the mean GFP expression ± SD. 
(Fukunaga et al., 2019a) 
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Figure 4-6. PAS staining images of the ex vivo culture tissues following uniform 
irradiation using a synchrotron-generated X-ray microbeam irradiator.  
(A–C) Round and elongated spermatids were detected in cultures after 0 (control) (A), 
0.5 (B) and 1 Gy uniform irradiation (yellow squares) (C). The yellow box in the left image 
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is enlarged in the right image, showing round or elongated spermatids (white arrows). 
Scale bars, 50 µm. 
(Fukunaga et al., 2019a) 
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4.3.2. Live tissue imaging reveals a tissue-sparing effects for 
spermatogenesis 

Using the ex vivo testes organ culture and micro-slit X-ray microbeams, 

we tested the TSE following MRT for preserving spermatogenesis. All testicular 

tissue samples were obtained from Acr-GFP transgenic mice around 7 dpp. To 

observe radiation-induced effects on spermatogenesis, the cultured samples 

were irradiated at 8 dpp. Staining with γ-H2AX was used to confirm the 50% 200 

µm-slit irradiated areas in the cultured tissue. As shown in Figure 4-7, the 

distribution of immune-stained γ-H2AX in the sample was a good approximation 

of the shape of the MRT irradiation patterns. 

Our live tissue imaging previously revealed that, when applied in a 

uniform mode, a dose of 2.5 Gy almost completely obliterated the fluorescence 

signal of Acr-GFP from 14 to 22 dpp (see Figure 3-11). However, we showed in 

the micro-slit irradiated from 16 to 22 dpp, the fluorescence signal remained 

similar to that of non-irradiated controls. This indicates the occurrence of a 

significant TSE for spermatogenesis (Figures 4-8–4-10). This is the first study, to 

our knowledge, to visualise the TSE for spermatogenesis in response to non-

uniform radiation fields such as MRT. Although the underlying mechanisms of 

TSE remain to be determined, our imaging indicated that tissue-sparing 

responses would be involved in radiation-induced impacts on spermatogenesis 

in non-uniform radiation fields. 
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Figure 4-7. Immunohistochemical images of ex vivo testes culture tissues 1 h after 
10 Gy 200 µm-slit X-ray microbeam irradiation. 
Staining for γ-H2AX, Anti-GENA and Hoechst (for DNA) are shown as red, green and 
blue, respectively. Scale bar, 500 µm. 
(Fukunaga et al., 2019a) 
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Figure 4-8. Representative images show Acr-GFP expression changes in single 
cultures following 0 Gy (control), 5 Gy micro-slit (50%) and 2.5 Gy uniform (100%) 
X-ray irradiation. 
Scale bar, 500 µm. 
(Fukunaga et al., 2019a) 
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Figure 4-9. Chronological changes in Acr-GFP expression following micro-slit and 
uniform X-ray irradiation. 
A minimum of three tissue samples each from donor mice were used for each experiment. 
Data represent the mean GFP expression ± SD. 
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Figure 4-10. GFP expression after the micro-slit and the uniform X-ray irradiation 
at 20 dpp.  
Asterisks indicate P<0.01. 
(Fukunaga et al., 2019a)  
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4.3.3. Non-irradiated spermatogonial cells are required for the 

effective tissue-sparing effects for spermatogenesis 

 Next, we clarified the conditions required to ensure effective TSE 

following MRT by changing the micro-slit width from 200 to 12.5 µm. The staining 

of γ-H2AX was used to confirm the 50% 12.5, 50 and 200 µm-slit irradiated areas 

in the cultured sample. As shown in Figure 4-11, the distribution of immune-

stained γ-H2AX in the sample was a good approximation of the shape of the MRT 

irradiation patterns. Live tissue imaging revealed that Acr-GFP expression 

changes were significantly different for the 12.5 µm-slit irradiated tissue when 

compared with the 200 and 50 µm-slit irradiated tissues (Figures 4-12–4-14). 

Because the average diameter of spermatogonial cells at 7–8 dpp is roughly 15 

µm (Bellvé et al., 1977), some of the spermatogonial cells remained unirradiated 

in the 50 and 200 µm irradiated tissues, while almost all of the spermatogonial 

cells were partially or completely irradiated in the 12.5 µm-slit irradiated tissues 

(see Figure 4-9). These results indicated that effective TSE for spermatogenesis 

requires a non-irradiated spermatogonial cell population. 

As shown in Figure 4-15, using PAS staining we confirmed the presence 

of the spermatids in the culture tissues following exposure to 50 and 200 µm-slit 

radiation and incubation for roughly 35 days, long enough for spermatogenesis 

to occur. Offspring can be produced by sperm cells or round or elongating 

spermatids in ex vivo cultured tissues via intracytoplasmic sperm injection (ICSI) 

or round spermatid injection (ROSI) techniques (Sato et al., 2011a). Thus, using 

high-precision MRT techniques, we could demonstrate the preservation of male 

fertility.  
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Figure 4-11. Immunohistochemical images of ex vivo testes culture tissues 1 h 
after 10 Gy 12.5, 50 and 200 µm-slit X-ray microbeam irradiation. 
Staining for γ-H2AX, Anti-GENA and Hoechst (for DNA) is shown as red, green and blue, 
respectively. Scale bars, 100 µm (upper) 20 µm (middle and lower). 
(Fukunaga et al., 2019a) 
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Figure 4-12. Representative images showing Acr-GFP expression in single 
cultures following 0 Gy (control), 5 Gy 12.5, 50 and 200 µm-slit (50%) and 2.5 Gy 
uniform X-ray irradiation (100%). 
Scale bar, 500 µm. 
(Fukunaga et al., 2019a)  



158 
 

 
 
Figure 4-13. Chronological Acr-GFP expression changes following 5 Gy 12.5, 50 
and 200 µm-slit (50%) X-ray irradiation.  
A minimum of three tissue samples each from donor mice were used for each experiment. 
Data represent the mean Acr-GFP expression ± SD. 
(Fukunaga et al., 2019a)  
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Figure 4-14. GFP expression following 5 Gy 50 and 200 µm-slit irradiation at 20 dpp.  
Asterisks indicate P<0.01. 
(Fukunaga et al., 2019a) 
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Figure 4-15. PAS staining images of the ex vivo culture tissues following 5 Gy 50 
and 200 µm-slit irradiation and spermatogenesis. 
Round and elongated spermatids in the culture following 50 and 200 µm-slit 5 Gy 
irradiation and incubation for more than 30 days. The yellow box in the left image is 
enlarged in the right image, showing round or elongated spermatids (white arrows). 
Scale bar, 50 µm. 
(Fukunaga et al., 2019a)  
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4.3.4. Spermatogonial cell migration for maintaining spermatogenesis 

in the half (50%) irradiated tissues 

To investigate the TSE expanding process during spermatogenesis, we 

imaged the TSE for spermatogenesis of a tissue culture expressing Acr-GFP after 

half (50%) irradiation. Then, γ−H2AX staining was used to confirm the 50% 

irradiated areas in the cultured sample. As shown in Figure 4-16, the distribution 

of immune-stained γ-H2AX in the sample was a good approximation of the shape 

of the irradiation patterns. 

Our live tissue imaging revealed that, following 0.5, 1 and 5 Gy 50% 

irradiation of the cultured tissue, the area expressing Acr-GFP were visibly 

expanded from the non-irradiated to the irradiated areas (Figure 4-17–4-19). 

Further, γ-H2AX staining revealed the possibility of spermatogonial cell migration 

from the non-irradiated to irradiated areas 18 h after 50% irradiation (Figure 4-

20). As shown in Figure 4-21, this indicates that effective TSE expansion requires 

the migration of non-irradiated stem cells via seminiferous tubules. 
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Figure 4-16. Immunohistochemical images of ex vivo testicular tissues 1 h after 10 
Gy X-ray half (50%) irradiation using X-ray microbeams. 
Staining for γ-H2AX, Anti-GENA and Hoechst is shown as red, green and blue, 
respectively. Scale bar, 500 µm. 
(Fukunaga et al., 2019a)  
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Figure 4-17. Representative images showing Acr-GFP expression in single 
cultures of testes exposed to 0.5 Gy half (50%) irradiated X-ray microbeams. 
In the irradiation-setting image, the irradiated area is shown as a yellow square. The Acr-
GFP expression areas expanded from the non-irradiated to irradiated areas at 15-29 dpp, 
as a result of TSE. Scale bar, 500 µm. 
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Figure 4-18. Representative images showing Acr-GFP expression in single 
cultures of testes exposed to 1 Gy half (50%) irradiated X-ray microbeams. 
In the irradiation-setting image, the irradiated area is shown as a yellow square. The Acr-
GFP expression areas expanded from the non-irradiated to irradiated areas at 15-29 dpp, 
as a result of TSE. Scale bar, 500 µm.  
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Figure 4-19. Representative images showing Acr-GFP expression in single 
cultures of testes exposed to 5 Gy half (50%) irradiated X-ray microbeams. 
In the irradiation-setting image, the irradiated area is shown as a yellow square. The Acr-
GFP expression areas expanded from the non-irradiated to irradiated areas at 15-29 dpp, 
as a result of TSE. Scale bar, 500 µm. 
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Figure 4-20. Immunohistochemical images of the ex vivo culture tissues 18 h after 
10 Gy X-ray half (50%) irradiation. 
(A–D) Immunohistochemical images of ex vivo testicular tissues 18 h after 10 Gy X-ray 
half irradiation using X-ray microbeams. Staining for γ-H2AX (B), Anti-GENA (C) and 
Hoechst (D) is shown as red, green and blue, respectively. Yellow dotted lines are the 
borders between the non-irradiated (upper) and irradiated areas (lower) following half 
irradiation. DNA repair in spermatogonial cells (Tra98-positive cells) is not functional, 
thus the γ-H2AX-negative spermatogonial cells (white arrows) in the irradiated area 
indicate their migration from the non-irradiated area following half irradiation. Scale bars, 
100 µm. 
(Fukunaga et al., 2019a)  
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Figure 4-21. Schematic representation of the two-step process of the tissue-
sparing effect in spermatogenesis. 
First, spermatogonial cells survive in the non-irradiated areas, while they are eliminated 
in the irradiated areas follow irradiation. Then, the surviving cells migrate to the irradiated 
area via seminiferous tubules. In this way, the spermatogonial cells require these two 
steps, survival and migration following irradiation, to complete effective TSE in 
spermatogenesis. 
(Fukunaga et al., 2019a)  
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4.4. Discussion 

Our high-precision microbeam analysis demonstrated that the dynamic 

nature of non-irradiated germ cell populations migration via the seminiferous 

tubules is essential for effective testes TSE following MRT to preserve 

spermatogenesis. Previous studies of seminiferous tubule repopulation following 

irradiation indicated that SSCs begin to form colonies soon after the destruction 

of differentiated germ cells (Meistrich et al., 1978). Brinster and Zimmermann 

were the first to perform male mouse germ cell transplantation in 1994. Their work 

resulted in donor cell spermatogenesis in the recipient testes, demonstrating that 

the dynamics of SSC via seminiferous tubules are important for maintaining 

spermatogenesis (Brinster and Zimmermann, 1994). According to a series of 

SSC transplantation studies, the stem cell colonisation process can be divided 

into three continuous phases (Nagano et al., 1999): (i) During the first week, 

transplanted cells were distributed randomly throughout the tubules, and a small 

number reached the basement membrane. (ii) Between 1 week to 1 month, donor 

cells on the basement membrane divided and formed a monolayer network. (iii) 

Beginning at about 1 month and continuing throughout the observation period, 

cells in the centre of the network became extensively differentiated and 

established a spermatogenesis colony, which expanded laterally by repeating 

phases two and three. These studies support our findings that the TSE following 

radiation exposure requires two steps: the survival of spermatogonial cells in non-

irradiated areas and the migration of these cells via seminiferous tubules. 

Our technical combination of a unique ex vivo testes organ culture and 

high-precision X-ray microbeam can provide novel insights on the radiation-
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induced stochastic and deterministic effects on male reproduction, and on the 

transgenerational effects on SSCs. As shown in Figure 4-22A, there are, 

theoretically, two patterns at the microscale level for ex vivo testicular tissues 

containing SSCs after 50% 5 Gy irradiation. These cells can migrate and 

proliferate in the non-exposed tissue, and they can regulate the TSE after 

spermatogenesis exposure to spatially fractionated radiation. On the one hand, 

in the left pattern, we can see that some spermatogonial cells survive irradiation, 

thus allowing effective TSE for spermatogenesis to occur. On the other hand, in 

the right pattern, all cells are partially or completely irradiated; according to our 

experimental data, no tissue-sparing response was observed. However, 

according to the conventional radiation dose-volume metric and biological models, 

these scenarios cannot be distinguished, because their radiation dose-volume 

histograms, which are plots of cumulative dose-volume frequency distributions 

commonly used in RT planning (Drzymala et al., 1991), are identical (i.e., they 

have identical irradiated volume ratios, 50%, and received the same total dose, 

2.5 Gy at the whole-tissue level) (Figure 4-22B). 

Our findings showed a counterexample, suggesting the logical failure of 

the conventional radiation dose-volume concept at the microscale level. We need 

to devise a novel concept for more precise predictions of biological responses at 

the microscale level in non-uniform radiation fields. 
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Figure 4-22. Failure of the conventional radiological does-volume concept in the 
ex vivo spermatogenesis. 
(A) Two different 50% micro-slit irradiation patterns of the ex vivo testes tissues. Tissues 
have equal irradiated areas (50%) and identical total irradiation doses, 2.5 Gy, at the 
whole-tissue level. Green circles and red squares represent germ cells and irradiated 
areas, respectively.  
(B) Dose-volume histograms of the two 50% micro-slit irradiation patterns. These 
irradiation scenarios cannot be distinguished by their histograms, thus highlighting the 
logical failure of the conventional radiation dose-volume concept at the microscale level. 
(Fukunaga et al., 2019a) 
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Our experimental data resulted in the proposal of a novel radiobiological 

concept in which the dynamics of essential components in the tissue, such as the 

microenvironment and specific types of cells, regulate specific biological 

responses at the tissue level in fields of non-uniform radiation. As shown in Figure 

4-23A, there are, theoretically, two different 50% irradiated area patterns for the 

tissues with dynamic components. These components can migrate and 

proliferate in the tissue and are essential for an effective TSE of spatially 

fractionated radiation. In the upper scenario, some of the components survive 

irradiation, repopulate in the tissue, and TSE occurs, maintaining tissue functions. 

In the lower situation, all components are irradiated, and no TSE is observed. In 

short, the survival and repopulation processes of the components following 

irradiation underpin the differences in tissue-sparing kinetics between these 

protocols (Figure 4-23B). 

Our experimental data reveal that testicular tissue remodelling depends 

on radiation dose distributions at the microscale level, not radiation dose-volume 

distributions. This potential mechanism of tissue homeostasis for maintaining 

physiological functions may also occur in other systems. Previously published 

studies of the intestinal epithelium of Drosophila have shown that long-term 

maintenance of tissue homeostasis relies on the accurate regulation of somatic 

stem cell activity (Biteau et al., 2011). Considering the specific migration and 

proliferation parameters of the dynamic components defined by each tissue, the 

model will enable us to predict more accurately the preservation of specific 

physiological functions in each tissue. 
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Figure 4-23. A novel concept for tissue-sparing kinetics in non-uniform radiation 
fields. 
(A) Two 50% micro-slit irradiation patterns for tissues with four dynamic components. 
These dose-volume histograms are completely identical, although the kinetics of tissue-
sparing following irradiation are different. 
(B) Dynamics of components in the tissue following two instances of 50% micro-slit 
irradiation. The dynamics indicate the tissue-sparing kinetics in response to non-uniform 
radiation fields. 
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In conclusion, we have demonstrated the first time a TSE in an ex vivo 

spermatogenesis model following MRT for male fertility preservation, suggesting 

that tissue-sparing responses are involved in radiation-induced impacts on 

spermatogenesis in non-uniform radiation fields. Thus, the temporospatial 

radiation dose distributions at low doses is important to determine the radiation-

induced biological effects at the tissue level. The survival and potential migration 

of non-irradiated germ cells in irradiated testicular tissues are required for 

effective TSE for spermatogenesis, indicating the clinical potential of spatially 

fractionated radiotherapeutic techniques, including MRT, and preserving male 

fertility during and following treatments for cancer. The technical combination of 

high-precision microbeam analysis and specific ex vivo organ models will be 

useful in further investigations of the radiation-induced acute and late effects on 

specific physiological functions. 

For the next step, we focused on would be individual difference of 

responses following low-dose irradiation as well as temporospatial radiation dose 

distributions at low doses. In fact, patients and heterozygotes of DNA repair 

disorders such as Li-Fraumani syndrome and ataxia telangiectasia (AT) are 

known to show radiation hypersensitivity (Pollard and Gatti, 2009). Thus, to 

assess low-dose radiation health risk, we should also consider such individual 

difference.  
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spermatogenic impairment 
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5.1. Introduction 

5.1.1. Precision medicine in radiation oncology 

Precision medicine is a powerful emerging approach with the potential to 

revolutionise disease prevention, diagnosis and treatment by taking into account 

specific differences in individuals’ genetic, lifestyle-related and environmental 

factors (McGrath and Ghersi, 2016). However, the potential for precision 

medicine to improve RT remains at an early stage of development. In the specific 

context of dose estimations for therapeutic radiation exposures, current empirical 

models, such as the concept of the effective dose, consider only the type of 

radiation (e.g., X-rays, α-particles or neutrons) and the characteristics of each 

exposed organ or tissue, without taking into account any individual genetic 

contribution to an individual’s response (McCollough and Schueler, 2000). 

Although the targets of contemporary medical approaches have changed 

dramatically from the ‘average person’ to focus on ‘each person’, when it comes 

to radiation protection and RT, this approach has not yet enjoyed widespread 

implementation. This delay may result not only in inaccurate risk assessments of 

accidental exposures, but also in the prescription of sub-optimal RT treatment 

schedules that could be improved (Fukunaga et al., 2019c). 

 

5.1.2. Personalised approach in radiological protection 

While candidate gene approaches have made a certain amount of 

progress, they have largely been unsuccessful identifying robust biomarkers of 

radiosensitivity at the individual level; this is due to the lack of an integrated 

understanding of individual radiosensitivity (Andreassen and Alsner 2009). We 
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know, based on data collected from clinical observations of patients who have 

experienced severe adverse effects, that normal tissue toxicity following RT 

varies among cancer patients. The characterisation of this radiosensitivity in 

patients requires caution, as the risk of developing a particular normal tissue 

reaction depends, to a considerable degree, on the target organ (Herskind et al., 

2016). In addition, radiation research has shown that some DNA repair-related 

genes show organ- and tissue-specific expressions (Chao and Lipkin 2006; Dion 

2014). Taken together, these realities indicate that we should be aware that 

challenges related to the specificity of radiosensitivity are a significant limitation 

of the candidate gene approach. 

Recognising the shortcomings of previous approaches, and coinciding 

with advancements in genotyping technology, recent research has shifted toward 

broader, genome-wide approaches, such as GWAS, to exhaustively identify 

specific genetic risk factors in a specific cancer patient treated with RT. In a 2016 

meta-analysis of four major cohort reports, RAPPER (Burnet et al., 2006), 

RADIOGEN (Rosenstein et al., 2014), Gene-PARE (Ho et al., 2006) and CCI 

(Kerns et al., 2013), showed specific risk SNPs of late toxicity following RT for 

prostate cancer: four SNPs associated with the increase of rectal bleeding 

(rs141044160 on 23q23, rs6999859 on 8q21.13, rs360071 on 1q42.12 and 

rs7432328 on 3p26.1), eight SNPs with urinary frequency (rs17599026 on 5q31.2, 

rs11574532 on 12q13.13, rs7366282 on 1q41, rs4534636 on 12p13.31, 

rs8098701 on 18q21.1, rs10101158 on 8q24.3, rs10209697 on 2q36.1 and 

rs7356945 on 6p24.1) and eight SNPs with decreased stream (rs7720298 on 

5p15.2, rs17362923 on 8p23.2, rs76273496 on 1q31.3, rs2203205 on 23q21.1, 
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rs141342719 on 5q23.3, rs673783 on 18p11.32, rs62091368 on 18p11.32 and 

rs144596911 on 3q28) (Kerns et al., 2016). Furthermore, three SNPs reached 

genome-wide significance: rs17599026 on 5q31.2 with urinary frequency (OR 

3.12, 95% CI 2.08–4.69, p-value = 4.16 × 10−8), rs7720298 on 5p15.2 with 

decreased urine stream (OR 2.71, 95% CI 1.90–3.86, p-value = 3.21 × 10−8) and 

rs11230328 on 11q12.2 with Standardised Total Average Toxicity (STAT) score 

(Barnett et al., 2012) (Beta 0.31, 95% CI 0.21–0.41, p-value = 6.27 × 10− 10) 

(Kerns et al., 2016). The STAT score was derived to assess late overall toxicity 

with the individual endpoints for overall measures of toxicity. In combination with 

physiological and lifestyle factors, a prostate cancer radiotherapy-specific 

personalised risk can be estimated using these genomic factors and will enable 

us to predict adverse effects for prostate cancer patients treated with RT more 

precisely (Fukunaga et al., 2019c) (Figure 5-1). 

 

5.1.3. Biobank research for personalised approaches 

One major focus in the development of precision medicine is the 

assembly of a large cohort of individuals willing to share their electronic medical 

records, genomic data and biological specimens (Ashley, 2015). Since biobanks 

are complex systems for the systematically programmed storage of human 

material and associated data, research using data and samples from biobanks 

has recently become an integral part of precision medicine (Kinkorová, 2015). 

From the viewpoint of radiation research, the principle of connecting biobank data 

and radiation risk across cohorts is of significant interest. Most biological 

specimens from biobanks, such as patient-derived blood, biopsy specimens and 
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induced pluripotent stem cells (iPSCs) (Shi et al., 2016), are potentially useful for 

the development of radiogenomics.  
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Figure 5-1. Development of prostate cancer-specific personalised risk index. 

According to a meta-analysis of GWAS in 2016 (Kerns et al., 2016), specific risk SNPs 
of late toxicity following RT for prostate cancer are as follows: four SNPs associated with 
an increase in rectal bleeding (rs141044160 on 23q23, rs6999859 on 8q21.13, rs360071 
on 1q42.12 and rs7432328 on 3p26.1), eight SNPs with urinary frequency (rs17599026 
on 5q31.2, rs11574532 on 12q13.13, rs7366282 on 1q41, rs4534636 on 12p13.31, 
rs8098701 on 18q21.1, rs10101158 on 8q24.3, rs10209697 on 2q36.1 and rs7356945 
on 6p24.1) and eight SNPs with decreased stream (rs7720298 on 5p15.2, rs17362923 
on 8p23.2, rs76273496 on 1q31.3, rs2203205 on 23q21.1, rs141342719 on 5q23.3, 
rs673783 on 18p11.32, rs62091368 on 18p11.32 and rs144596911 on 3q28). 
By taking physiological (e.g., age, sex, DNA repair-deficiency) and lifestyle factors (e.g., 
weight, diet, drug, smoking, pregnancy, birth, depression) into account, a multivariable 
predictive model–the prostate cancer radiotherapy-specific personalised risk index–can 
be used to construct these genomic data. 
(Fukunaga et al., 2019c).  
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 In recent years, the number of biobanks has increased dramatically, in 

support of industrial and academic genomic research in disease prevention, 

prediction, diagnosis and treatment (Watson et al. 2010; Gaskell and Gottweis 

2011; De Souza and Greenspan 2013; Olson et al. 2014; Chalmers et al. 2016). 

As shown in Figure 5-2, large-scale biobanks have been established throughout 

the world, including ones operated by Kaiser Permanente, BioVU and the 

Precision Medicine Initiative, in the US; deCODE, in Iceland; the UK Biobank, in 

the UK; LifeGene, in Sweden; the Estonian Biobank, in Estonia; the China 

Kandoorie Biobank, in China; the Korea Biobank Network, in South Korea; and 

the BioBank Japan, in Japan. 

In a generally accepted classification, biobanks are one of two types, 

population-based (PB) or disease-oriented (DB) (Kinkorová, 2015). The 

Delaware-based biotechnology company deCODE Genetics successfully 

partnered with the Icelandic Parliament (Althing) in 1998 to create a database of 

non-identifiable health data, the world’s first PB biobank (Swede et al., 2007). 

Biobanks’ PB specimens would be useful in radiogenomics to assess the 

frequency of gene biomarkers and to estimate the radiogenomic diversity of a 

large population, if suitable genomic biomarkers could be further defined. The 

world’s oldest large-scale DB biobank, BioBank Japan, was launched in 2003; 

200,000 patients were enrolled in the project (Nagai et al., 2017). DB biobanks 

allow for the novel identification of susceptibility genes for individual 

radiosensitivity, because large numbers of radiation toxicity cases are registered 

within them. The DB specimens would thus be useful for investigating the 

relationship between radiation risk and gene biomarkers.  
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Figure 5-2. Large-scale biobanks around the world. 

There are many biobanks around the world, from single-hospital to international facilities 
operating in both industry and academia. The number of large-scale biobanks has been 
increasing dramatically since the 1990s. 
(Fukunaga et al., 2019c) 
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5.1.4. Genetic diversity of DNA damage repair pathways 
As NASA’s studies of space radiation’s effects on astronauts have 

confirmed, sensitivity to radiation at the individual-level varies substantially, 

depending on individuals’ genetic backgrounds (Cucinotta, 2001). Micronucleus 

frequency in lymphocytes is believed to reflect increased cancer risks later in life 

(Bonassi et al., 2006). Often, we can observe a linear dose-response curve of 

micronucleus frequency in the dose range of 20–100 mGy, and doses in this 

range are known to induce increased frequencies of micronuclei in cells from 

individuals with defective DNA damage response genes (Mullenders et al., 2009). 

Further, a number of adverse reactions following radiation therapy in individuals 

suffering from DNA damage response defective disorders, such as Fanconi 

anaemia, AT, DNA LIG4-deficiency, and Nijmegen Breakage Syndrome  have 

also been reported in the literature (Pollard and Gatti, 2009). 

 Researchers have yet to determine the accurate frequency of 

heterozygous carriers of pathogenic mutations in DNA damage repair genes at 

the population level. However, according to one previous report (Fukunaga and 

Yokoya, 2016), the prevalence of AT worldwide is estimated to be between 1 in 

40,000 and 1 in 100,000 live births. Still, it is highly probable that many DNA 

damage repair genes, not just the ATM gene, may contribute to the regulation of 

radiation sensitivity in humans. In fact, individual variations in radiation sensitivity 

could be much greater than previously expected. We must determine the genetic 

diversity of DNA damage repair genes, so that we may provide more accurate 

personalised radiation risk assessment. This will aid in further understanding of 

low-dose radiation-induced impacts on human health (Fukunaga et al., 2016). 
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Employing a combination of PB biobanking and human genomics has 

provided a novel insight into the diversity of DNA damage repair gene variants at 

the population level. To advance this field of precision medicine, a similar 

approach would be useful for predicting novel pathogenic/likely pathogenic 

variants in the radiosensitivity-related genes and for establishing preventive 

medical guidelines for hypersensitive people, such as patients and heterozygotes 

of DNA damage response defective disorders. 

 

5.1.5. MSH5 c.85C>T (p.Pro29Ser) (rs2075789) 

 The mismatch repair (MMR) pathway plays an important role in the 

maintenance of a genome’s integrity, meiotic recombination and gametogenesis, 

and genetic polymorphisms in MMR genes are involved in the aetiology of male 

infertility (Ji et al., 2012). MutS protein homolog 5 (MSH5) and MSH4 proteins in 

the MMR pathway form a hetero-oligomeric structure, and the heterodimer in the 

cell acts in meiotic recombination (Manhart and Alani, 2016). Polymorphisms in 

the MSH5 gene have been linked to various diseases, including IgA deficiency, 

common variable immunodeficiency and premature ovarian failure. According to 

previous studies, the MSH5 C85T (rs2075789) (see Figure 5-3) has been 

statistically proven to be related with an increased risk of male sterility (Xu et al., 

2010) and radiotherapy-related spermatogenic impairment (Zhu et al., 2016). RT 

for Chinese testicular germ cell tumour patients created significant differences 

between the ratios of the post-treatment over pre-treatment sperm counts, sperm 

morphology and DNA fragmentation index with the CT + TT genotypes, compared 

with that of the CC genotype (p<0.05) (Zhu et al., 2016). 
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        1 cggaatctct gcggcacagc ctcacccacg agtaaaaata gccccggagg cgaatgtgag 

       61 agtgaggtgg ggaccacacc taagggggcg gacccaagca ggctccgact tccctgggcc 

      121 cagggagagg gaatggctgc ccgagaaacc caagcagaag ggagagggag acacaggcag 

      181 agacacacaa agatgagaga aacaaaaggg gggaagggga aagaaaggcg gcaggaaagt 

      241 ggagagtggg gagacgtgcg tgccaacgga gagacacaaa cggagcgggg agaagaggac 

      301 actgttaagg aagggaggga ggggcacagc caggaggtcc caagactggg aaatgaatgc 

      361 agcagcggta gggaggggag cggccgctgc aatcagaggg gggctgggtg acaccgagaa 

      421 gcctgctgcc tgcagttttg ctacccaaat gccataggac catctctcct tacccacacc 

      481 cgcagagaga ggagagagtt ggggcaagtc ttctacttct ccaaccccca aatcccaaaa 

      541 tgccctaacc gagctcttct cctccgtctg atctctctcc cacccatcct tgtggtagct 

      601 acgttaaact cacgtcttct tgccacctcc ccttctgtcc ctttccccag tcctggggat 

      661 attcaatgcc acccgatcac ctctccagct ctgcttttca aactccgatc ccagtctcct 

      721 gttttgttcc gcccctccaa agcttcccaa tttacttgct ctcactctca ggcctccctc 

      781 aacacaccgt cttccctgaa gcgtctccat ccacacacac acacacacac acacacacac 

      841 acacacacac acacctctcc tactgcacta ctcaccctca gatcttgtag ggacacatgt 

      901 cctaactgag gttcccctct gtcccttcta aaccctgctg ggcccccact gtcccttcac 

      961 cagctcgccc tctaacccca ccccagtctc acttttggga  

 

Figure 5-3. Reference sequence (bases 1 to 1000) of the MSH5 gene. 
Full reference sequence (NG_011611.1, bases 1 to 29680) was obtained from 
the National Center for Biotechnology Informations reference sequence (RefSeq) 
database (http://www.ncbi.nlm.nih.gov/RefSeq/). 
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However, to date, the accurate frequency of this gene variant at the 

population level remains to be determined, and evidence-based clinical 

guidelines for the CT or TT genotypes have not yet been established. 

Personalised preventive medical strategies could be needed for potential high-

risk patients. 

 

5.1.6. ATM 
AT is a rare autosomal recessive disorder clinically characterised by 

cerebellar degeneration, immune deficiency, radiation hypersensitivity and 

cancer predisposition (Fukunaga et al., 2019b). Further, metabolic disorders 

implicated in cardiovascular and liver diseases are frequently observed in 

adolescent AT patients (Paulino et al., 2017). The world-wide prevalence of AT is 

estimated to be between 1 in 40,000 and 1 in 100,000 live births (Rothblum-Oviatt 

et al., 2016). 

The ATM gene was first reported in 1995 as the causative gene 

responsible for AT (Savitsky et al., 1995). Most AT patients lack functional ATM 

proteins, due to missense or nonsense mutations in the ATM gene, which result 

in truncated or unstable ATM variants (Zhang et al., 1997). The ATM gene is 

located on chromosome 11q22-q23, spanning approximately 150 kb of genomic 

DNA, and it encodes a protein of 3,056 amino acids that is a phosphoinositidyl 3-

kinase (PI3K)-family kinase (Ambrose and Gatti, 2013). ATM proteins form dimers 

or oligomers under non-stress conditions, and DNA damage induces 

intermolecular autophosphorylation of Ser1981 that causes dimer 

dissociation and initiates intracellular ATM kinase activity (Bakkenist and Kastan, 
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2003). In addition to Ser1981, other autophosphorylation sites, Ser367, Ser1893 

and Ser2996 are physiologically important parts of the DNA damage response 

(Kozlov et al., 2011, 2006). Also, several ATM phosphorylate proteins are involved 

in cell cycle checkpoint control, apoptosis and DNA repair, including p53, Chk2, 

BRCA1, RPAp34, H2AX, SMC1, FANCD2, Rad17, Artemis and Nbs1 (Lee and 

Paull, 2007). 

Not only AT patients, but also certain ATM heterozygous mutation carriers 

have a reduced life expectancy. In 1987, Swift and colleagues reported that, for 

heterozygotes responsible for AT, the RR of cancer was estimated to be 2.3 for 

men and 3.1 for women. Furthermore, according to a systematic review in 2016, 

siblings of AT patients who are heterozygous carriers of pathogenic ATM gene 

mutations have a significantly increased risk of cancer and ischemic heart 

disease (RR 1.7, 95% confidential interval (CI) 1.2–2.4), and female 

heterozygotes having particular alleles have an increased risk of breast cancer 

(RRwomen 3.0, 95% CI 2.1–4.5) (van Os et al., 2016); thus, certain ATM 

heterozygous mutation carriers should be made aware of lifestyle factors that 

contribute to the development of such diseases. However, the accurate frequency 

of heterozygous carriers of pathogenic mutations in the ATM gene at the 

population level, to date, remains to be determined, and evidence-based 

preventive medical guidelines have not yet been established (Jerzak et al., 2018). 

From the point of view of precision medicine, appropriate approaches are 

immediately needed for ATM heterozygotes pertaining to their risk of particular 

diseases.  
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5.1.7. Aim of the study 
The aim of this study is to better understand of the genetic basis and 

diversity of radiotherapy-related adverse events, including radiation-induced 

spermatogenic impairment. It is true that it is likely that numerous genes, not only 

DNA damage response genes, potentially contribute to the regulation of radiation 

sensitivity in humans, and individual variations in radiation sensitivity could be 

much larger than expected. However, for the first step, in this study, we 

investigated the MSH5 C85T and the ATM gene variants. with the technical 

combination of population-based biobank collections and radiogenomics 

approach. 
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5.2. Materials and Methods 

5.2.1. Tohoku Medical Megabank Organization 
The Tohoku University (Sendai, Japan) established the Tohoku Medical 

Megabank Organisation (ToMMo) in 2012 to build an advanced medical system 

in the era of precision medicine (Figure 5-4). The great earthquake of March 11, 

2011 and the consequent tsunami led to unprecedented damage to various areas 

of the Pacific coast in northeast Japan, including Sendai. Thus, one of the most 

important missions of ToMMo is also established to support the reconstruction in 

medical fields following the disasters. 

The two large-scale prospective studies carried out by ToMMo, the 

Tohoku Medical Megabank Project Community-Based Cohort Study (TMM 

CommCohort Study) and the Tohoku Medical Megabank Project Birth and Three-

Generation Cohort Study (TMM BirThree Cohort Study), were conducted in the 

Miyagi and Iwate Prefectures in Japan after the 2011 Great East Japan 

Earthquake and Tsunami (Kuriyama et al., 2016). As of 2018, these projects have 

collected biospecimens, such as blood and urine, from more than 150,000 

Japanese participants who have given their informed consent (Figure 5-5). Blood-

derived DNA is used for next-generation sequencing and establishing the 

standardised whole-genome reference panel. 
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Figure 5-4. Tohoku Medical Megabank Organization in Sendai, Japan.  
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Figure 5-5. Tohoku Medical Megabank Organization is an integrated biobank. 
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5.2.2. jMorp: Japanese Multi Omics Reference Panel 
 We used the 3.5KJPNv2 allele frequency panel (Nagasaki et al., 2015; 

Tadaka et al., 2019; Yamaguchi-Kabata et al., 2015; Yasuda et al., 2018), which 

is a part of Japanese Multi Omics Reference Panel (jMorp) version 201902 (Feb 

2019, https://jmorp.megabank.tohoku.ac.jp/201902/) released by the ToMMo 

(Tadaka et al., 2018). This population-based, whole-genome reference panel 

shows single nucleotide variant (SNV) and INDEL allele frequencies from 3,552 

healthy Japanese individuals. jMorp was originally published in 2018 as a multi-

omics database of metabolites and proteins in plasma obtained from volunteers 

at ToMMo (Tadaka et al., 2018). With jMorp release 201806 (Jun 2018, 

https://jmorp.megabank.tohoku.ac.jp/201806/), genomic variant data have been 

added, and version 201902 (Feb 2019, 

https://jmorp.megabank.tohoku.ac.jp/201902/) allows for the web- interface-

based examination of allele frequencies of all the genomic variants. 

Although ToMMo previously used an original re-sequencing workflow for 

the 1KJPN5 (Nagasaki et al., 2015), 2KJPN and 3.5KJPNv1, for building the 

3.5KJPNv2, the organisation decided to use a more common pipeline, including 

the 1000 Genomes Project (1000 Genomes Project Consortium et al., 2015) and 

gnomAD (Karczewski et al., 2019) algorithms, to reduce technical biases and to 

allow comparisons with other populations. ToMMo customised three steps in the 

Genome Analysis Toolkit (GATK) Best Practices workflow, which are widely used 

in large-scale sequencing projects. It recommends post-alignment processing 

before variant calling (Van der Auwera et al., 2013) referring to: (1) the choice of 

the reference genome, (2) the use of base quality score recalibration (BQSR) and 
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(3) the joint genotyping step. Although the GATK Best Practices workflow 

recommends that the BQSR step be carried out after mapping, ToMMo did not 

do this, but instead checked concordance between two kinds of genotyping 

results: (i) results obtained after the incorporation of BQSR and (ii) results 

obtained without BQSR. Thus, the allele frequency panel 3.5KJPNv2 version 

201902 can be easily used to compare the allele frequencies of different 

populations using the web interface. 

As of mid-2019, 3.5KJPNv2 is available at the jMorp website, and the raw 

data in Variant Call Format (VCF) format has also been registered with the  

NBDC Human Database (https://humandbs.biosciencedbc.jp/en/) under 

accession code hum0015.v3 by the National Bioscience Database Center 

(NBDC) of the Japan Science and Technology Agency (Tadaka et al., 2019). 
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5.3. Results and discussion 

5.3.1. MSH5 85C>T (rs2075789) frequency 

As shown in Table 1, we found the allele frequency of MSH5 C85T 

(rs2075789) variant at 0.273 in Japan. According to a global reference for human 

genetic variation released by the 1000 Genomes Project of the International 

Genome Sample Resource (http://www.internationalgenome.org/home) (1000 

Genomes Project Consortium et al., 2015), the allele frequency of the global, 

African, East Asian, European and South Asian populations were 0.102, 0.019, 

0.160, 0.134, 0.100 and 0.141, respectively. A chi-squared test showed that the 

Japanese frequency is significantly higher than the global frequency (P<0.01). 

It has been reported the interaction between MSH5 and Abelson murine 

leukaemia viral oncogene homolog 1 (ABL1) confers a radiation-induced 

apoptotic response by promoting ABL1 activation and p73 accumulation, and 

these effects are greatly enhanced in cells expressing MSH5 P29S (Tompkins et 

al., 2009). It is known that the ABL1 tyrosine kinase can be activated by the 

sensor kinase, ATM, in response to IR-induced DNA damage (Baskaran et al., 

1997), and that ABL1 stimulates p73-mediated transactivation and apoptosis 

(Yuan et al., 1999). Thus, the rs2075789(C>T) is potentially a risk allele for 

radiation-induced apoptosis. 
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Region C Allele Frequency and Number T Allele Frequency and Number 
Global 0.898 (4498) 0.102 (510) 

African 0.981 (1297) 0.019 (25) 
American 0.840 (583)  0.160 (111) 
European 0.900 (905)  0.100 (101) 
East Asian 0.866 (873)  0.134 (135) 

South Asian 0.859 (840)  0.141 (138) 
Japan 0.737 (4943) 0.273 (1855) 

 
Table 5-1. Regional difference of the MSH5 C85T (rs2075789) variant frequency. 
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 Using the assumptions of the Hardy-Weinberg equilibrium, it is possible 

that the reproductive potential of male Japanese patients with the variant could 

be impacted following RT. Infertility is still an unfortunate adverse effect of most 

cancer therapies, including RT, as it impacts survivors’ quality of life during their 

pre-reproductive and reproductive years. From the point of view of precision 

medicine, personalised preventive medical approaches could be needed for 

potential high-risk patients, although the underlying mechanism of such high 

frequency among the Japanese population remains to be determined. For the 

improvement of clinical practice and health policy, such radiogenomic data are 

useful for deciding the future directions of precision RT and radiation risk 

assessment in Japan. 
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5.3.2. ATM gene variants 
In this study, we accessed the raw data of the 3.5KJPNv2 allele frequency 

panel and investigated the allele frequencies of ATM gene variations, with the 

assumption of the Hardy-Weinberg equilibrium. We also investigated novel 

variants, which were predicted to lead to a loss of ATM functionality based on 

their protein structures. As shown in Figure 5-6, using the 3.5KJPNv2 allele 

frequency panel, we searched for the allele frequencies of ATM gene variations 

and found 2,845 (2,370 SNV and 475 INDEL) variants in the given population, 

including 1,338 (1,160 SNV and 178 INDEL) novel variants, which have not yet 

been assigned reference SNP ID numbers (Sherry et al., 1999). This result 

demonstrates that a large number of healthy individuals have novel heterozygous 

variants in the ATM gene, indicating that the population’s ATM genetic diversity 

is greater than expected (Fukunaga et al., 2019b). 

As shown in Figure 5-7, we found a novel stop-gained SNV in the ATM 

gene, NC_000008.11:g.108115650G>A (p.Trp266*). As shown in Fig. 1b, this 

SNV removes all the main identified domains, including the nuclear localisation 

signal (NLS: ~ aa 385 to 388), the leucine zipper (LZ: ~ aa 1216 to 1241), the 

FRAP/ATM/TRRAP (FAT: ~ aa 1960 to 2566), the Kinase (PI3-K: ~ aa 2712 to 

2962) and the FAT c-terminal (FATC: ~ aa 3024 to 3056) domains, all of which 

are physiologically important for the activation and regulation of ATM kinase 

activity (Lee and Paull, 2007). Furthermore, this removes autophosphorylation 

sites, Ser367, Ser1893, Ser1981 and Ser2996, which are significantly related to 

ATM protein functionality. Taken together, the stop-gained SNV in the ATM gene 

is predicted to be a novel loss-of-function variant (Fukunaga et al., 2019b). 
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Figure 5-6. Novel ATM gene variants 
A total of 2,845 (2370 SNV and 475 INDEL) variants in the ATM gene were confirmed, 
including 1,338 (1160 SNV and 178 INDEL) novel variants that have not yet been 
assigned reference SNP ID numbers. 
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Figure 5-7. Novel variants predicted to lead to the loss of ATM functionality. 
ATM is a protein of 3,056 amino acids. The phosphorylation sites (P) indicate the 
positions of serine residues, Ser367, Ser1893, Ser1981 and Ser2996 (Bakkenist and 
Kastan, 2003; Kozlov et al., 2011, 2006). The NLS (~ aa 385 to 388), the LZ (~ aa 1216 
to 1241), the FAT (~ aa 1960 to 2566), the PI3-K (~ aa 2712 to 2962) and the FATC (~ 
aa 3024 to 3056) domains are shown in orange, light green, green, blue and violet, 
respectively (Lee and Paull, 2007). Novel variants predicted to lead to the loss of ATM 
functionality are indicated using red arrows, as follows: 
(1) Stop-gained SNV, NC_000008.11:g.108115650G>A (p.Trp266*) 
(2) Frameshift INDEL, NC_000008.11:g.108119714CAA/C (p.Glu376fs)  
(3) Disruptive-inframe-deletion INDEL 
NC_000008.11:g.108181014AAGAAAAGTATGGATGATCAAG/A 
(p.Ala1945_Phe1952delinsVal) 
(4) Frameshift INDEL, NC_000008.11:g.108203577CTTATA/C (p.Ile2629fs) 
(Fukunaga et al., 2019b) 
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Next, we detected a novel disruptive_inframe_deletion, 

NC_000008.11:g.108181014AAGAAAAGTATGGATGATCAAG/A 

(p.Ala1945_Phe1952delinsVal) and two frameshift INDELs, 

NC_000008.11:g.108119714CAA/C (p.Glu376fs) and 

NC_000008.11:g.108203577CTTATA/C (p.Ile2629fs). Because of the dramatic 

changes of the amino acid sequence and 3-D structure, all of the INDELs are 

predicted to lead to loss of ATM functionality. This is even true for 

NC_000008.11:g.108203577CTTATA/C, although maintaining more than 2,500 

normal amino acid sequences from the N-terminal of ATM removes the normal 

C-terminal PI3-K domain and autophosphorylation site Ser2996, which are 

essential for ATM signalling in human cells. 

To our knowledge, there is no previous study relating the clinical risk of 

these four variants. However, according to the possible ATM functionality based 

on their protein structures, certain ATM heterozygous mutation carriers with these 

variants are likely to have a reduced life expectancy. From the point of view of 

precision medicine, personalised preventive medical strategies would be needed 

prior to treatment. 

 

5.3.3. Discussion 
In this study, we have shown the diversity of the MSH5 C85T and ATM 

gene variants using the technical combination of population-based biobank 

collections and radiogenomics approach, suggesting that individual variations in 

radiation sensitivity could be much greater than previously expected. It is likely 

that numerous genes, not only DNA damage response genes, potentially 
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contribute to the regulation of radiation sensitivity in humans, and individual 

variations in radiation sensitivity could be much larger than predicted (Bouffler, 

2016; Habash et al., 2017; Kato et al., 2009). Therefore, for establishing 

personalised risk assessment of low-dose radiation-induced spermatogenic 

impairment, we should consider not only the temporospatial radiation dose 

distributions at low doses, but also individual genetics background. 
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Chapter 6. Conclusion and future perspectives 
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6.1. Biological responses in the testicular tissue in non-

uniform radiation fields 

Several studies in the literature have shown radiation-induced responses 

in non-irradiated neighbouring cells among irradiated cell populations (Prise and 

O’Sullivan, 2009). These radiation effects, when the DNA molecule has not been 

exposed to radiation, are termed non-(DNA)-targeted effects (Burtt et al., 2016). 

They may include bystander effects (Goldberg and Lehnert, 2002), adaptive 

responses (Prise et al., 2006) and abscopal effects (Blyth and Sykes, 2011). 

Spermatogenetic damage can follow either direct testicular radiation or the 

scattered doses received during radiation treatments for cancers of the prostate, 

bladder, rectum and bone (Osterberg et al., 2014). In addition, the male 

reproductive potential remains adversely affected not only by clinical, but also 

occupational and environmental radiation exposure (Bonde, 2010; Sheiner et al., 

2003). From a radiobiological perspective, the underlying mechanisms of 

infertility following low-dose radiation exposure remain unclear (Fukunaga et al., 

2017a). Efforts to preserve male fertility following exposure to radiation of all 

types, including low-dose radiation, is one of the most significant challenges in 

the field of basic, translational and clinical radiation research. In this study, we 

investigated the biological responses in exposure to non-uniform radiation fields 

at the cell and the tissue levels, in hopes of clarifying how low-dose radiation 

affects spermatogenesis. 

First, using a lead shielding material to create a non-irradiated area, we 

investigated the survival of 15P-1 Sertoli cells (Wang et al., 2016) after exposure 
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to modified radiation fields. The in-field section survival of 15P-1 Sertoli cells was 

reduced, compared with cells that were uniformly irradiated at 4 Gy. This indicated 

the non-targeted alterations in cell survival. This approach allowed us to observe 

the non-uniform radiation-induced effects on the survival of 15P-1 Sertoli cells, 

although the underlying molecular mechanisms remain to be determined. 

However, in vitro experiments failed to replicate the precise cellular conditions of 

an organism. In fact, this study cannot consider the intercellular communication 

among different cells in the testes, including spermatogonial cells. For further 

investigation at the tissue level, we need to use an ex vivo testes organ culture. 

Next, using the technical combination of a synchrotron-generated X-ray 

microbeam (Kobayashi et al., 1987) and the unique organ culture method for ex 

vivo testes (Sato et al., 2011a; Yokonishi et al., 2013), we conducted high-

precision 50% micro-slit irradiation experiments to investigate the non-targeted 

effects including RIBE and TSE for spermatogenesis. As previously reported, this 

ex vivo spermatogenesis model with the Acr-GFP transgenic mouse model can 

reproduce the dose-dependent deterministic effects of radiation (e.g., temporary 

infertility and permanent sterility) following uniform exposure to conventional X-

rays (Fukunaga et al., 2018). The γ-H2AX foci formation detected DNA DSBs in 

the nucleus, and we confirmed that the distribution of immuno-stained γ-H2AX 

clearly depended upon the shape of the irradiated microbeam. Live-tissue 

imaging revealed visible differences in the expression of Acr-GFP between the 

uniformly and micro-slit irradiated tissues, while the total doses, namely absorbed 

total X-ray energies, were the same for both irradiation protocols: 2.5 Gy at the 

whole tissue level. The changes we observed in Acr-GFP expression were almost 
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identical for the micro-slit irradiated tissues and the controls, indicating the 

significant TSE on spermatogenesis. To our knowledge, this is the first study to 

show the real-time process of TSE for the preservation of spermatogenesis 

following irradiation. 

In addition to the above, we elucidated the conditions required to bring 

forth effective TSE following MRT by changing the width of the micro-slit from 200 

to 12.5 µm. We used γ-H2AX staining to confirm the high-precision 5 Gy 50% 200, 

50 and 12.5 µm-slit irradiated areas in the cultured samples. The distribution of 

immuno-stained γ-H2AX in the sample was a good approximation of the shape of 

the MRT irradiation patterns. Our live-tissue imaging revealed that the Acr-GFP 

expression changes differed significantly for the 12.5 µm-slit irradiated tissue, 

when compared with either the 200 or 50 µm-slit irradiated tissues. Because the 

average diameter of spermatogonial cells at 7–8 dpp is approximately 15 µm 

(Bellvé et al., 1977), some spermatogonial cells were unirradiated in the 200 and 

50 µm irradiated tissues, while almost all them were partially or completely 

irradiated in the 12.5 µm-slit irradiated tissues. Thus, the result showed that 

effective TSE for spermatogenesis requires a non-irradiated spermatogonial cell 

population. We also demonstrated that the TSE expansion process in ex vivo 

culture tissues depends on cell migration through seminiferous tubules. As shown 

in Figure 6-1, these cells’ survival and repopulation following micro-slit irradiation 

are essential for the effective TSE during the process of spermatogenesis in non-

uniform radiation fields. Thus, there are stem cell migration and repopulation 

steps following exposure to spatially fractionated radiation, which may also occur 

in other systems. In fact, our experimental data supports previous MRT studies 
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(Bouchet et al., 2013; Dilmanian et al., 2006; Grotzer et al., 2015; Laissue et al., 

1998; Schültke et al., 2017; Slatkin et al., 1995; van der Sanden et al., 2010), 

suggesting that the stem cell migration is involved TSE in other systems. 
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Figure 6-1. Model of tissue-sparing process in spermatogenesis 
Spermatogonial cells survive in non-irradiated areas, but are eliminated in irradiated 
areas following irradiation. Then, the surviving cells then migrate to the irradiated area 
via seminiferous tubules. Thus, the spermatogonial cells require these two steps, survival 
and migration following irradiation, to realise an effective tissue-sparing effect in 
spermatogenesis. 
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6.2. Genetic diversity in radiation-induced spermatogenic 

impairment 

The combination of population-based biobank collections and 

radiogenomics approach will lead to a better understanding of the genetic basis 

and diversity of radiotherapy-related adverse events, including radiation-induced 

spermatogenic impairment. In this study, we showed that, using the assumptions 

of the Hardy-Weinberg equilibrium, it is possible that the reproductive potential of 

male Japanese patients having the variant could be impacted following RT, 

because of their genetic background (e.g., MSH5 C85T and ATM variants). 

Spermatogenic impairment is still an unfortunate adverse effect of most cancer 

therapies, including RT, as it impacts survivors’ quality of life during their pre-

reproductive and reproductive years. Thus, personalised preventive medical 

approaches could be needed for potential high-risk patients.  

A chi-squared test showed that the Japanese frequency is significantly 

higher than the global frequency (P<0.01); thus, there is a possibility of regional 

or racial differences in individual-level radiation sensitivity. In addition, we 

investigated the most common radiation hypersensitive disorders, AT and Werner 

syndrome, in the Japanese population (Fukunaga and Yokoya, 2016). We 

showed the diversity of ATM gene variants at a population level, and found four 

novel variants that are predicted to lead to a loss of ATM functionality. Further 

advancements in the combination of population-based biobanking and human 

genomics are expected to further uncover the genetic basis of AT patients and 

certain ATM heterozygotes, which have a reduced life expectancy. Also, for the 
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advancement of precision medicine, such an approach will be useful for 

establishing an evidence-based guideline not only for AT patients, but also for at-

risk ATM heterozygotes seeking preventive medical strategies.  

In conclusion, with the technical combination of population-based 

biobank collections and radiogenomics approach, we have shown the diversity of 

the MSH5 C85T and ATM gene variants, indicating the genetic diversity in 

individual diversity. According to previous reports (Bouffler, 2016; Habash et al., 

2017; Kato et al., 2009), several genes and the variants potentially contribute to 

the regulation of radiation sensitivity in humans. Our result matches these 

previous data, suggesting that individual variations in radiation sensitivity could 

be much larger than predicted. Thus, to achieve precision risk assessment in 

radiation-induced spermatogenic impairment, we need a more personalised, 

conceptual framework that considers genomic factors (Figure 6-2) (Fukunaga et 

al., 2019c, 2016). The combination of population-based biobanking and 

radiogenomics has great potential to provide clinical information to help 

overcome or minimise radiotherapy-related adverse events, including radiation-

induced spermatogenic impairment.  
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Figure 6-2. Conceptual development of personalised dose. 
The current concept of radiological protection, effective dose, takes into account only the 
absorbed dose, the radiation type using factor (WR) and the tissues or organs being 
irradiated using factor (WT). The novel concept, personalised dose, also takes into 
account the physiological (e.g., age, sex, DNA repair-deficiency), lifestyle (e.g., weight, 
diet, drug, smoking, pregnancy, birth, depression) and genomic factors (e.g., risk SNPs 
of adverse effects following RT) that determine the personalised risk index. Genomic 
factors are especially suitable for predicting adverse effects following RT. 
(Fukunaga et al., 2019c) 
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6.3. Personalised risk assessment for low-dose radiation 

effects on spermatogenesis 

In the present study, to establish a personalized risk assessment of the 

effects of low-dose radiation on spermatogenesis, we investigated significant 

alterations in spermatogenesis in response to non-uniform radiation distributions 

at low doses. We also estimated the genetic diversity of radiation sensitivity at 

the population level. 

To investigate the non-uniform, radiation-induced effects on cell survival 

in vitro, we used 15P-1 Sertoli cells that retain the morphological and functional 

features of primary Sertoli cells, which helps germ cells in the process of 

spermatogenesis. We also used the technical combination of synchrotron X-ray 

microbeams and a unique ex vivo testes organ culture to investigate tissue-level 

responses in non-uniform radiation fields, such as that of low-dose environmental 

radiation. The microbeam is a useful tool for investigating non-uniform, radiation-

induced biological effects. 

Our data revealed the non-targeted effects on spermatogenesis at the 

cell and tissue levels. In a heterogenous dose distribution, such as that 

associated with low doses or radiotherapy, some cells are irradiated in the 

irradiated tissue while others are not irradiated. In fact, damage to 

spermatogenesis can result not only from direct radiation of the testis but also 

from a scattered dose received during the treatment of cancers, including 

prostate, bladder, testicular, and rectal cancer. We found that the tissue-sparing 

effects expand from the not-irradiated to the irradiated areas to maintain tissue 
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functions, although the underlying mechanism is yet to be determined. 

In addition, using a population-based genome bank—the Tohoku Medical 

Megabank in Japan—we investigated variants of the ATM and MSH5 genes, 

including rs2075789, that are responsible for radiotherapy-related spermatogenic 

impairment. One major focus in the development of precision medicine is 

assembling a large cohort of individuals who are willing to share their medical 

records, biospecimens, and genomic data. In particular, genomic cohort studies 

are vital to elucidating pathogenesis and establishing a solid diagnosis and 

therapy for common diseases that involve an interplay between genetic and 

environmental factors. In this study, we found regional differences in the 

frequency of rs2075789. We also demonstrated the diversity of ATM gene 

variants at a population level and found four novel variants that are predicted to 

lead to a loss of ATM functionality. 

In conclusion, to establish a personalized risk assessment for low-dose 

radiation, we should consider the tissue-level responses induced by 

heterogenous tempo-spatial radiation exposure as well as individual differences 

in radiation sensitivity. The health risks of exposure to non-uniform radiation will 

be lower than those associated with the same dose at a uniform exposure due to 

the tissue-sparing effect. Consequently, it is important to monitor not only the total 

dose but also the tempo-spatial distribution in the circumstances of the irradiation. 

A big-data analysis of whole-genome reference panels reveals that genetic 

diversity in regard to radiosensitivity is greater than expected, so the genetic 

background of each person is crucial to a personalized risk assessment. For the 

next step, we have to build a novel concept of radiological protection for 
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estimating personalised radiation risk of individuals exposed to low-dose 

radiation and for better understanding the radiation-induced effects on 

spermatogenesis and transgenerational effects. 
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Figure 6-3. Concept of Personalised Risk Assessments of Low-dose Radiation-
induced Effects on Spermatogenesis 
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6.4. Future perspectives 

This study has several limitations. For example, for monitoring the 

process of spermatogenesis in the ex vivo culture tissues, the central area was 

omitted from the evaluation because this area in many cases lacked GFP 

expression due to spatial and nutrient flow restrictions (Sato et al., 2011a). This 

is a technical limitation of the ex vivo testes organ culture method. Further 

technical development of organ or 3D culture methods is expected for 

overcoming the limitation. In addition, PB biobank has several technical 

limitations and there is always selection bias. For example, in this study, we could 

not research other areas in Japan with the jMorp, because all of the participants 

lived in the Tohoku region. Population structure can bias the results of genetic 

and epidemiological analysis. To overcome the limitation or minimize the bias, 

researchers should use not only one PB biobank or more large-scale biobank. 

This project’s results highlight several radiobiological areas in need of 

further investigation. First, using a technical combination of a synchrotron-

generated X-ray microbeam and a unique ex vivo organ culture method, we have 

shown the effective TSE for the preservation of spermatogenesis for the first time; 

however, the underlying mechanisms are yet to be determined. Moving forward, 

this approach should be tested on an animal model, to reduce the adverse effects 

on normal tissues in radiotherapy-related scenarios and whenever it can affect 

tumour control. Also, environmental radiation-induced TSE process should be 

determined for establishing more accurate radiation risk assessment. 

One important further direction will be the investigation of which 

molecular signals of cell migration are involved in the TSE process during the 
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long process of spermatogenesis. Recently, an international research group 

reported that spermatogenic stem cell density is tightly regulated by the supply of 

fibroblast growth factors (FGFs) from lymphatic endothelial cells (Kitadate et al., 

2019). The study also demonstrated the quantitative dependence of stem cell 

density on FGF dosage and the biased localisation of stem cells toward FGF 

sources. With this in mind, we will investigate the relationship between TSE 

efficiency for spermatogenesis and FGF dosage in the culture tissue. We will also 

reproduce the TSE for spermatogenesis in actual in vivo scenarios and will 

investigate transgenerational effects in non-uniform radiation fields.  

In the era of precision medicine, we need a novel conceptual framework 

for radiation and radiotherapy risk assessment for individuals that considers 

genomic, physiological and lifestyle factors. Though the underlying mechanisms 

of individual radiosensitivity remain unclear, radiation biologists and oncologists 

should work to identify the rigorous predictors of radiation sensitivity and prepare 

to address the weighting factors. Given that there are several gene markers 

related to radiation sensitivity, it is difficult to ascertain the whole picture when it 

comes to individual radiation sensitivity. However, employing a combination of 

biobanking, human genomics and radiobiological approaches has great potential 

to overcome these limitations. For example, using blood as biospecimen, we can 

examine the relationship between radiation-induced responses of peripheral 

blood lymphocytes and the genetic background. To create a more personalised 

radiation risk assessment in the future, we need to clarify the details of genetic 

diversity as they relate to individual-level radiation sensitivity.  
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Supplementary Methods 

Organ culture medium preparation 

1) We dissolved 10.1 g α-MEM in 500 ml of double-deionized water (DDW), 

creating a double-concentrated α-MEM. 

2) We added 20 ml KSR, 2 ml Antibiotic-Antimycotic and 5.2 ml 7% sodium 

bicarbonate to 100 ml double-concentrated α-MEM. Then, we added the DDW 

to achieve a total volume of 200 ml. 

3) Medium was sterilized by filtering it a 0.22 micro-meter Millipore membrane. 

 

Agarose gel preparation 

1) We placed 1.5 g agarose and 100 ml DDW into a 200-ml flask, then shook the 

flask briefly to suspend the agarose. 

2) Sterilized the agarose solution in an autoclave. 

3) We poured 33 ml agarose solution into three 10-cm dishes, achieving a 

solution with a depth of approximately 5 mm. Dishes were left to sit at room 

temperature for about 2 hours, until the agarose gels solidified. 

 

Dish preparation 

1) Gels were cut into hexahedrons of roughly 10 × 10 × 5 mm in size using a 

scalpel blade or spatula (see Figure A-1). 

2) Three to four hexahedrons were placed into each well of a 6-well plate, and 

organ culture medium was added to soak the gels completely. 

3) Gels were kept in an incubator overnight to replace the water in the agarose 

with the medium. 
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Figure A-1. Cutting lines. 

  



246 
 

4) Upon initiation of the culture experiment (Figure A-2), we removed the old 

medium via aspiration and added new culture medium to the well, filling it half, or 

up to four-fifths, the height of the agarose gel. 
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Figure A-2. Agarose gel and culture medium in a 6-well plate. 
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ABSTRACT
Purpose: To discuss low-dose radiation-induced risks to male fertility focusing on potential mecha-
nisms of low-dose radiation-induced damage on spermatogenesis, epidemiological studies of environ-
mental radiation effects on sperm parameters and transgenerational effects following exposure of
spermatogonial stem cells (SSCs).
Background: Spermatogenesis produces mature male gametes, spermatozoa, which fertilize their
counterpart female gametes, oocytes. The robust maintenance system of spermatogenesis is essential
for genomic conservation; however, male fertility can be readily impacted by exposure to environmen-
tal, chemical and physical factors including ionizing radiation. The mammalian testes are known to be
radiosensitive yet the underlying molecular mechanisms of low-dose radiation-induced risks for sperm-
atogenesis remain unclear. Furthermore, evidence characterizing transgenerational effects following
exposure of SSCs remain controversial.
Conclusions: Current concerns over the possible effects of low-dose radiation exposure on spermato-
genesis requires further elucidation that may be resolved comparing and integrating observed experi-
mental and epidemiological data.
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1. Introduction

Since Antonie van Leeuwenhoek’s 1677 discovery of sperma-
tozoa in semen (Ruestow 1983; Egerton 2006), many studies
have aimed to understand the process of spermatogenesis.
Sperm production is one of the most complex processes in
the male body which takes around 60 days from maturation
of the spermatogonial stem cells (SSCs) to fully functional
spermatozoa (Figure 1). This process of dynamic cell differen-
tiation is also one of the most important developmental
events responsible for the inheritance of life along with
ovum formation in the female body. Mammalian spermato-
genesis requires the maintenance of a stem cell pool, amplifi-
cation of spermatogonia, reductive division to haploid cells
(meiosis) and the morphological transformation of the hap-
loid cells into spermatozoa (spermiogenesis) (Clermont 1972;
Griswold 2016).

Ionizing radiation is known to induce a broad spectrum of
DNA lesions, including damage to the nucleotide bases, DNA
and DNA-protein crosslinks, DNA single- and double-strand
breaks (DSBs). These lesions have significant consequences
on biological systems by acting to trigger cell death or
induce mutations in surviving cells leading to carcinogenesis
(Little 2000). Historically, the first radiation-related solid can-
cer was reported in 1902, arising in an ulcerated area of the
skin. This was followed by the first report of leukaemia in
1911 observed in radiation workers (Shah et al. 2012). From
an early stage, animal model systems have been applied to
study the effects of radiation on the genome. In 1903,

Heinrich Albers-Sch€onberg demonstrated that X-rays could
induce damage in rabbit testes (Doll 1995). In 1946, the
Nobel laureate Hermann Muller showed X-rays to cause
mutations in fruit flies at a frequency approximately linear to
dose (Muller 1927). Following the atomic explosions in
Hiroshima and Nagasaki in 1945, there was great public con-
cern about the possible harmful effects of radiation exposure
which led to several studies being conducted on radiation-
induced health risks, particularly carcinogenesis (Little 2009;
Douple et al. 2011; Kamiya et al. 2015).

Radiation effects in biological systems extend far beyond
carcinogenesis and impact reproductive capability. The testes
and the process of spermatogenesis are hypersensitive to
radiation (Withers et al. 1974; Meistrich et al. 1978). This is
further supported by the International Committee on the
Radiological Protection (ICRP) report in 2007, giving
the weighting factor of the gonads as 0.08 (ICRP 2007). The
maintenance of human sperm production is highly robust;
however, male fertility can be easily impacted by environ-
mental, chemical and physical stresses including ionizing
radiation. An early study conducted in prisoner volunteers
who agree to have their testicles irradiated showed that
0.11 Gy caused significant suppression of sperm count whilst
permanent sterility was observed at doses of 3–5Gy (Clifton
and Bremner 1983).

In recent clinical practice, radiotherapy and chemo-radio-
therapy may result in temporary, long-term or permanent
gonadal toxicity in male patients (Rowley et al. 1974; Jeruss
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and Woodruff 2009). Fractionated radiotherapy often given in
multiple fraction over 3–4 weeks has been shown to cause
greater delays in spermatogenic recovery compared to single
exposures. A total gonadal dose of >2.5 Gy generally produ-
ces permanent azoospermia when delivered as multiple frac-
tions whereas single doses of >6Gy are required to give the
same effect (Meistrich 2013). These data confirm the deter-
ministic effects of radiation on male germ cells with a dose
threshold. Infertility is an unfortunate side-effect of some
cancer therapies which significantly impacts the quality of
life of survivors during their pre-reproductive and reproduc-
tive years (Valli et al. 2014). Current advanced radiotherapies
have evolved to such a highly level of precision and accuracy
that the potential risk of infertility has been significantly
reduced in the vast majority of male patients receiving pelvic
irradiations. Currently, for younger reproductive males, no
comprehensive study has assessed the effects of focal thera-
pies on male fertility such as high-intensity-focused ultra-
sound therapy. This highlights the importance of patient
fertility in relation to treatment selection particularly in
younger patients (Jeruss and Woodruff 2009; Tran et al.
2015).

Male reproductive potential can also be adversely affected
by environmental and occupational radiation exposure
(Sheiner et al. 2003; Bonde 2010; Mortimer et al. 2013). In
the modern world, protection of sperm-forming cells from
various radiation exposures is a significant challenge to the
preservation of male fertility (Moss et al. 2016). Since the
large-scale nuclear disasters of Chernobyl in 1986, and
Fukushima in 2011, there has been major public concern
about the health effects of long-term and low-dose radiation
exposure and contamination. Also, health risks to workers
who have been occupationally exposed are a serious concern
considering the inconclusive data of radiation response at
low doses. Generally, energy deposition is localized along the
radiation track resulting in heterogeneous dose distribution
of both exposed and unexposed cells within an irradiated

organ. This may be explained by the concept of elemental
dose resulting from a single radiation track within the target
volume (International Commission on Radiation Units and
Measurements 1983). This has been estimated as 0.87 and 39
mGy for 60Co c-rays and 14MeV neutrons by Booz and
Feinendegen (1988). This differs substantially from high dose
exposures where energy deposition is less heterogeneous
and can be explained by absorbed dose. The transition from
‘low-dose’ to ‘high-dose’ ranges is considerably different for
both low and high linear energy transfer (LET) exposures.

To date, low-dose effects on physiological processes
including spermatogenesis, remain unclear and continue to
attract controversy (Morgan and Bair 2013; Tomita and
Maeda 2015). In addition, transgenerational effects from
exposed SSCs also remain to be fully determined with some
animal and epidemiological studies suggesting a paternal
influence on the future health of offspring (Soubry et al.
2014). These stochastic effects could be induced by low-dose
irradiated germ cells and are potential threats to both cur-
rent and future generations, however, further studies are
required to confirm low-dose effects.

2. Mechanisms of low-dose radiation-induced
damage on spermatogenesis

2.1. Apoptosis and DNA double-strand breaks repair

The process of human spermatogenesis lasts for approxi-
mately 60–70 days and results in the transformation of sper-
matogonia through primary spermatocytes, secondary
spermatocytes and spermatids to spermatozoa which mature
in the epididymis. During this process, low-LET radiation (i.e.
c- and X-rays) can directly induce a number of DNA damage
lesions in the DNA. DSBs represent the greatest threat to
genomic integrity due to difficulties in correct repair.
Spermatogenic cells consist of several different subpopula-
tions, such as SSCs and their differentiating progeny (i.e.

Figure 1. Spermatogenesis. Spermatogenesis consists of three different phases; spermatogonial proliferation, meiotic cell division of spermatocytes into spermatids,
and morphological changes of round spermatids into spermatozoa, which is called spermiogenesis. This spermatogenic progression depends on hormonal milieu,
created by pituitary and local production of respective hormones.
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spermatogonia, spermatocytes, and round spermatids), that
vary in their sensitivity to radiation (R€ube et al. 2011). This
may be due to the various cell types having different chro-
matin compositions and as a result require different repair
mechanisms and proteins to restore genomic integrity (R€ube
et al. 2011; Gonz�alez-Mar�ın et al. 2012). Failure of DNA dam-
age repair results in de novo mutation in the germ cell line
(Wang et al. 2012) driving a number of biological consequen-
ces including carcinogenesis.

Apoptosis is an important physiological mechanism that
frequently occurs in the testis to limit the number of germ
cells in the seminiferous epithelium (Lee et al. 1997). It has
been found clinically that men with abnormal sperm parame-
ters display higher levels of the apoptotic protein Fas on
ejaculated spermatozoa (Sakkas et al. 2003), indicating that
selective depletion of abnormal spermatozoa is controlled by
apoptosis. In response to radiation, c-H2AX (phosphorylated
histone H2AX) foci are generated in spermatogonia, sperma-
tocytes and round spermatids (Hamer et al. 2003). c-H2AX
has a critical role in the recruitment of DNA repair factors
including p53 which has a central role in DNA damage-
induced apoptosis. In irradiated spermatogonia, c-H2AX inter-
acts with p53 to induce spermatogonial apoptosis (Hamer
et al. 2003). A previous study showed that even at very low
doses (10 mGy) damage is induced causing arrest of sperm-
atogenesis (Grewenig et al. 2015).

SSCs are characterized by a complete lack of compacted
heterochromatin. In these cells, DNA damage detection and
signalling is mediated in the absence of the transducer com-
plex c-H2AX/MDC1, and DSBs are repaired predominantly
through mechanisms independent of DNA-dependent protein
kinase catalytic subunit (DNA-PKcs). In response to genotoxic
insults in the differentiating progeny of SSCs effective cell
cycle checkpoints act to eliminate damaged cells through
apoptosis ensuring only intact genetic information transmit-
ted to subsequent generations (R€ube et al. 2011).

As shown in Figure 2, at the onset of first meiotic pro-
phase, chromosomes have Spo11-dependent DSBs that are
repaired by homologous recombination (HR) to promote
crossing over and ensure homolog separation during the
meiosis I division (Bannister and Schimenti 2004; Ahmed
et al. 2013). In contrast to HR, non-homologous end joining
(NHEJ), the major DSB repair mechanism during the G1 cell
cycle phase (Mao et al. 2008), is downregulated during early
meiotic prophase (Ahmed et al. 2013). The classical DNA-PKcs
dependent NHEJ pathway involving the DNA-PKcs which is

recruited by the Ku70 and Ku80 proteins to the site of dam-
age and subsequently, both end-positioned Ku and DNA-
PKcs mediate the recruitment of the XRCC4/DNA ligase IV
complex (Gonz�alez-Mar�ın et al. 2012). NHEJ contributes to
the repair of replication-dependent and radiation-induced
DNA damage in somatic testis cells. This may also be
required for the repair of persistent Spo11-dependent and
radiation-induced DSBs in late spermatocytes (Ahmed et al.
2013). However, studies using DNA-PKcs deficient round sper-
matids from SCID mice have shown almost identical DSB
repair kinetics to those of DNA-PKcs proficient spermatids.
This suggests that slow and incomplete DSB repair in round
spermatids is independent of the classical DNA-PK dependent
NHEJ (R€ube et al. 2011; Gonz�alez-Mar�ın et al. 2012).

2.2. Reactive oxygen species

At low doses DNA damage may occur through the produc-
tion of reactive oxygen species (ROS) generated as products
of water radiolysis (Azzam et al. 2012). In addition, ROS can
be generated endogenously and mainly from leaks during
mitochondrial electron transport chain activity (Dickinson and
Chang 2011). Cellular ROS homeostasis is mediated by anti-
oxidant defences such as glutathione. Failure of the antioxi-
dant detoxification systems results in abnormal ROS which
can be deleterious (Redza-Dutordoir and Averill-Bates 2016).

ROS results in several forms of DNA damage in sperm
including chromatin cross-linking, chromosome deletion,
DNA strand breaks and base oxidation (Agarwal and Said
2005). ROS are also important mediators of apoptosis
through induction of cytochrome c release and activation of
caspases 9 and 3 (Said 2004). High levels of ROS levels in
semen resulting in abnormal spermatozoa are a main cause
of decreased fertility as observed in teratozoospermia (Rato
et al. 2012; Sabeti et al. 2016), further supporting ROS as a
mechanism of DNA damage at low doses.

2.3. Radiation-induced bystander signalling

The classical radiobiology paradigm considers effects to be
limited only to the cells directly traversed by radiation fields;
however, studies over the past two decades have shown
radiation-induced bystander effects (RIBEs) in a range of cel-
lular systems and endpoints (Nagasawa and Little 1999; Prise
et al. 2003; Prise and O’Sullivan 2009; Kadhim et al. 2013).
RIBEs are simplistically defined as cells that did not directly

Figure 2. Apoptosis and DNA double-strand breaks repair from the spermatogonial stem cells to round spermatids.
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receive radiation dose but receive signals from neighbouring
irradiated cells and behave as though they have been dir-
ectly exposed. These effects are mediated either through gap
junctions or via soluble factors released from irradiated cells
such as TGF-b, TNF-a, IL-8, nitric oxide, membrane signalling,
DNA fragments, and ROS (Blyth and Sykes 2011).

Other types of RIBEs have been classified as abscopal and
cohort effects. Abscopal effects are defined as communica-
tion between irradiated and unirradiated tissues outside of
the irradiated volume either directly or via systemic signal-
ling. In contrast, cohort effects occur between irradiated cells
within an irradiated volume (Blyth and Sykes 2011;
Butterworth et al. 2013).

RIBEs represent a paradigm shift in our understanding of
radiation effects where extra-nuclear and extra-cellular events
may contribute to the biological effects of low-dose expo-
sures which have consequences for models of radiation risk
(Hei et al. 2008). This suggests that physical dose and cellular
targets within irradiated tissues may not be the sole driver of
carcinogenesis and that effects driven by cell signalling may
also be important (Prise and O’Sullivan 2009).

Since RIBEs were first reported by Nagasawa and Little,
low-dose research has applied a variety of experimental sys-
tems and demonstrated that DNA damage and genetic
instability play a significant role (Kadhim et al. 2013). A key
characteristic of RIBEs, in contrast to direct effects, is the
dose-response relationship. In contrast to a linear dose
response relationship, the dose response of RIBEs becomes
saturated at relatively low doses (typically less than 1Gy)
(Prise and O’Sullivan 2009). This leads to the theory that
RIBEs are strictly a low-dose phenomenon since at high doses
RIBEs are largely overshadowed by direct radiation damage
(Hei et al. 2008; Asur et al. 2015).

In contrast evidence has also suggested that direct
responses have a considerable contribution from RIBEs
(McMahon et al. 2012). It should be also noted that protect-
ive RIBEs or adaptive responses encompassing DNA repair
and anti-oxidation reactions may be induced at low doses of
sparsely ionizing radiations (Azzam et al. 2016). These poten-
tial protective mechanisms may be beneficial following low-
dose exposure. Using a 3He2þ charged particle microbeam,
Belyakov and colleagues showed a significant level of
bystander-induced differentiation and apoptosis in primary
urothelial explants (Belyakov et al. 2002). Taken together,
these data suggest that RIBEs at low doses may be detrimen-
tal or beneficial depending on the target tissue and experi-
mental system.

3. Epidemiological studies of environmental
radiation effects on sperm

3.1. Occupational irradiation

The earliest report of occupational exposures relating to
male fertility was made by Percivall Pott in 1775 who
observed a high incidence of skin cancer on the testicles of
chimney sweeps (Sheiner et al. 2003). This was supported by
a significant amount of laboratory data from animal models,

however, there is a paucity of human epidemiological data
relevant to occupational exposures (Schull 1984).

In 2013, a study of 83 occupationally exposed health
workers clarified the effects in spermatozoa which showed
changes in motility characteristics, increased sperm morpho-
logical abnormalities, sperm DNA fragmentation and global
hyper methylation (Kumar et al. 2013). A subsequent study
also showed decreased sperm motility, abnormal morphology
and significantly higher DNA fragmentation index in exposed
compared to non-exposed men (Zhou et al. 2016). These
studies provide new insights into low-dose risks on human
sperm characteristics but are limited by the small sample size
in each case.

Overall, previous data suggests that occupational expo-
sures may have substantial effects on sperm characteristics of
health workers which lead to recommendations from ICRP.
These recommendations limit artificial irradiation of the pub-
lic to an average of <1 mSv of effective dose per year, and
<20 mSv per year in the case of occupationally exposed sub-
jects (ICRP 2007). Further epidemiological studies across large
populations are needed to further clarify impacts on repro-
ductive problems of occupationally exposed workers (Kumar
et al. 2013).

3.2. The Chernobyl nuclear accident

On 26 April 1986, the Number 4 reactor of the Chernobyl
Nuclear Power Plant in Ukraine suffered a steam explosion
that blew the reactor resulting in the largest accidental
release of radioactivity into the environment in the human
history (International Atomic Energy Agency [IAEA] 2006).

Prior to the Chernobyl accident, mammals were perceived
to be among the most radiosensitive taxonomic groups
(Geras’kin et al. 2008; Beresford et al. 2016). A series of
rodent studies in highly contaminated sites (average dose up
to 830 mGy/h) showed no clear evidence of genetic changes
compared to control sites (Baker et al. 2001; Wickliffe et al.
2002). However, a study in Belarus which experienced lower
dose rates (up to 30 mGy/day) showed increased frequency
of chromosome aberrations (Goncharova and Ryabokon
1995; Beresford et al. 2016).

An investigation of the sperm parameters in 125 workers
involved in the clean-up of the Chernobyl nuclear disaster
irradiated with doses up to 250 mSv showed significant
changes in sperm count and morphology (Cheburakov and
Cheburakova 1993). In addition, a pilot study of 18 individu-
als engaged in clean-up operations after the accident
showed indications of decreased motility with and increased
malformations in spermatozoa compared to control subjects;
however, dose levels in the exposed individuals were not
clearly reported. (Fischbein et al. 1997).

After the Chernobyl accident, there was much public con-
cern over environmental radioisotope contamination and
effects on human health (Rahu 2003) yet in response there
was relatively little international epidemiological investiga-
tions. Although more than 30 years since the accident, fur-
ther studies are still needed to investigate low-dose effects
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on male reproductive biology as a result of the world’s worst
nuclear accident.

3.3. The Fukushima nuclear accident

On 11 March 2011, a devastating earthquake and resulting
tsunami caused serious damage to various areas of the
Pacific coast in Japan’s Fukushima Prefecture and all resi-
dents feared the meltdown of the Fukushima Daiichi Nuclear
Power Plant’s reactors (Shibahara 2011; Ishigaki et al. 2013;
Fukunaga and Kumakawa 2015; Fukunaga and Yokoya 2016).

In contrast to the Chernobyl accident, the Fukushima acci-
dent has resulted in no deterministic effects or worker
deaths. Furthermore, current estimates of doses in the
exposed population are much lower and have a narrower
distribution than the doses for which cancer excesses have
been detected amongst atomic bomb survivors of follow-up
(Boice 2012); therefore, it would be difficult to detect any
low-dose effects on the male reproductive system of men
from this area.

A 2016 study showed that although the median concen-
trations of 134Cs and 137Cs in the mice from Fukushima
exceeded 4000 Bq/kg, there were no significant differences in
the frequencies of apoptotic cells morphologically abnormal
sperm amongst the capture sites (Okano et al. 2016). The
study concluded that the exposures in Fukushima during
2013 and 2014 were not detrimental to spermatogenesis in
wild mice.

In contrast, a subsequent study of male large Japanese
field mice captured in Fukushima after the nuclear disaster
showed the increased numbers of spermatogenic cells, prolif-
erating cell nuclear antigen (PCNA)-positive cells and TUNEL-
positive apoptotic cells in seminiferous tubule suggesting
enhanced spermatogenesis occurred in these animals (Takino
et al. 2017). In this study, external dose rate from radioce-
sium (combined 134Cs and 137Cs) in these animals at the
sampling sites exhibited 21 lGy/day, 304–365 lGy/day, and
407–447 lGy/day.

4. Transgenerational effects from paternal
exposures

In 1974, Jacqueline Fabia and Truong Dam Thuy reported
that paternal occupational exposure to chemical substances
can affect the integrity of spermatogenesis and potentially
result in the transmission of carcinogenic defects in offspring
(Fabia and Thuy 1974). In 2000, a landmark study demon-
strated transgenerational effects from paternal exposures
extending to the germ line of unexposed first-generation off-
spring in mice manifested by increased genomic instability in
their progeny (Dubrova et al. 2000). Both genomic and epi-
genetic pathways have been suggested as potential media-
tors of transmissible radiation effects from environmental
exposure including sperm DNA mutations, genomic instabil-
ity, suppression of germ-cell apoptosis and imprinting errors
(Cordier 2008; Soubry et al. 2014). Several animal studies
have shown evidence for transgenerational epigenetic effects
following paternal exposure (Barber et al. 2002; Shiraishi

et al. 2002; Koturbash et al. 2006; Cordier 2008; Mughal et al.
2012; Little et al. 2013; Paris et al. 2015).

To our knowledge, in humans the hypothesis of transge-
nerational effects from paternal exposure remains controver-
sial. In the 1980s, the U.K. government investigated the
excess of malignant diseases in children living in the vicinity
of the Sellafield nuclear power plant and through popula-
tion-based analysis showed high incidence of leukemia and
lymphoma in the young residents of the neighbouring town
of Seascale compared to those in national registries and sur-
rounding areas (Draper et al. 1993; Soubry et al. 2014). A fur-
ther case-control study indicated the children of fathers
working at the nuclear plant at that time of conception had
a three times higher risks of leukemia or Non-Hodgkin’s
lymphoma (NHL) before the age of 25 (Gardner et al. 1990).
The report of the Committee on Medical Aspects of
Radiation in the Environment (COMARE) showed evidence of
under diagnosis of both leukemia and NHL near the
Sellafield site between 1971 and 2006. The expected number
of cases was estimated to be 0.904 across 0–24-year-olds dur-
ing 1971–2006, whereas the observed incidence of leukemia
and NHL cases was 5, which is highly significant (p¼ 0.005)
(COMARE 2016). The data resulted in a standardized inci-
dence ratio is 5.53 (95% CI, 1.80–12.91), although these risks
are no longer detectable in the population from recent stud-
ies (COMARE 2016). Studies on atomic bomb survivors in
Japan showed no evidence of increased cancer incidence in
children from exposed fathers (Yoshimoto et al. 1990;
Kodaira et al. 1995; Izumi et al. 2003). Furthermore, in clinical
practice, a Danish case-cohort study failed to show associ-
ation between mutagenic doses of chemotherapy and radio-
therapy to the gonads and genetic defects in the offspring of
cancer survivors (Winther et al. 2012). Again, these studies
are limited by sample size and require larger studies to
accurately conclude the existence and impact of human
transgenerational effects.

5. Conclusions

During the process of spermatogenesis, sperm-forming cells
can be affected by low-dose exposures through a number of
potential mechanisms resulting in adverse health effects.
However, as shown in Table 1, there is as yet insufficient epi-
demiological knowledge to accurately predict the risks of
low-dose radiation on the male reproductive system. To
address this, many years of high quality, methodical research
will be required to resolve concerns about low-dose expo-
sures. Controversy remains over the relative contribution of
direct and RIBEs on low-dose radiation-induced risk which
will also require systematic investigation. This will be enabled
through novel experimental systems, population based stud-
ies and computer simulations.

A promising approach is to apply recent technical devel-
opments in reproductive biology from Japanese researchers
who have succeeded in producing functional sperm from
SSCs of the mouse testis using an ex vivo organ culture
method (Sato et al. 2011a). This technique is now a standard
model in SSCs research which is being applied to further our
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understanding of low-dose effects on male reproductive biol-
ogy (Sato et al. 2011b, 2015; Yokonishi et al. 2014; Komeya
et al. 2016).

In conclusion, experimental and epidemiological studies of
low-dose radiation-induced effects on spermatogenesis,
along with indications from the nuclear disasters in
Chernobyl and Fukushima, will provide a more comprehen-
sive radiobiological understanding of response mechanisms
leading to improve accuracy in the estimations of human
health risk.
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HYPOTHESIS Open Access

Non-uniform radiation-induced biological
responses at the tissue level involved in the
health risk of environmental radiation: a
radiobiological hypothesis
Hisanori Fukunaga* and Kevin M. Prise

Abstract

Background: The conventional concept of radiation protection is based on epidemiological studies of radiation
that support a positive correlation between dose and response. However, there is a remarkable difference in
biological responses at the tissue level, depending on whether radiation is delivered as a uniform or non-uniform
spatiotemporal distribution due to tissue sparing effects (TSE). From the point of view of radiation micro-dosimetry,
environmental radiation is delivered as a non-uniform distribution, and radiation-induced biological responses at the
tissue level, such as TSE, would be implicated in individual risk following exposure to environmental radiation.

Hypothesis: We hypothesize that the health risks of non-uniform radiation exposure are lower than the same dose at
a uniform exposure, due to TSE following irradiation. Testing the hypothesis requires both radiobiological studies using
high-precision microbeams and the epidemiological data of environmental radiation-induced effects. The implications
of the hypothesis will lead to more personalized approaches in the field of environmental radiation protection.

Conclusion: The detection of spatiotemporal dose distribution could be of scientific importance for more accurate
individual risk assessment of exposure to environmental radiation. Further radiobiological studies on non-uniform
radiation-induced biological responses at the tissue level are expected.

Keywords: Environmental radiation, Radiation-induced biological effects, Tissue sparing effects, Health risk assessment,
Radiological protection

Background
Radiation-induced effects on biological tissues were
recognized immediately after the pivotal discovery of
X-rays by Wilhelm Röntgen in 1895 [1]. The first
radiation-related solid cancer was reported in 1902, aris-
ing in an ulcerated area of the skin, and, as reported in
1911, leukemia was diagnosed in five radiation workers
[2]. According to the results of previous epidemiological
studies, including the Life Span Study (LSS) of Japanese
atomic bomb survivors, these biological effects seem to
be dose-dependent with or without a threshold [3–6],
thus the current concept of radiological protection is
based on the dose-response model. In fact, for more

than four decades, according to reports and statements
of radiation research organizations, such as the US
National Council on Radiation Protection and Measure-
ments (NCRP) and the International Commission on
Radiological Protection (ICRP), a linear non-threshold
(LNT) model has been used for radiological protection
purposes [7, 8]. In May 2018, NCRP published the Com-
mentary No. 27, which supports the LNT model for
radiological protection, based on recent results of epi-
demiological studies of radiation [9], although there are
technical limitations to epidemiology, such as study de-
sign, sample size and confounding factors. Thus, the risk
assessment of environmental radiation exposure is still
based on the LNT model, although quantifying the risk
still remains problematic and subject to uncertainty [10].

* Correspondence: hfukunaga01@qub.ac.uk
Centre for Cancer Research and Cell Biology, Queen’s University Belfast, 97
Lisburn Road, Belfast BT9 7AE, UK

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Fukunaga and Prise Environmental Health           (2018) 17:93 
https://doi.org/10.1186/s12940-018-0444-4

http://crossmark.crossref.org/dialog/?doi=10.1186/s12940-018-0444-4&domain=pdf
http://orcid.org/0000-0002-6264-187X
https://orcid.org/0000-0001-6134-7946
mailto:hfukunaga01@qub.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


From the perspective of recent radiobiology, we high-
light a specific challenge: the contribution of spatiotem-
poral dose distribution might be underestimated in the
field of radiological protection. In an epidemiological co-
hort study of radiation, the researchers collected the data
of the total radiation dose each participant was exposed
to; however, it is technically difficult to have a clear
grasp of their accurate irradiation situations, such as ra-
diation dose rates or spatial distributions in the whole
body. This is one of the possible technical limitations of
the current epidemiological approach to radiation.
The quantity and quality of DNA damage is deter-

mined by the radiation type and dose [11]. For instance,
high and low linear-energy-transfer (LET) radiations in-
duce different spectra and qualities/complexity of DNA
lesions, due to the differences in radiation track struc-
tures [12]. This also impacts on the dose per cell deliv-
ered by individual tracks at low doses which will be
radiation quality dependent. Specifically, as shown in
Fig. 1, from the point of view of radiation micro-
dosimetry, for low-dose exposure, such as from environ-
mental radiation, or low-dose rates of radiation, the en-
ergy deposition of radiation is localized along its track,
resulting in a non-uniform distribution of exposed or
unexposed cells in irradiated tissue [13, 14]. Thus, for
environmental radiation, there are possible interactions
between the irradiated and the non-irradiated cells and
the dynamics of these cells in the tissue involved in
radiation-induced biological responses at the whole-
tissue level [15]. In fact, it is well known that cells that

do not receive radiation doses directly but receive signals
from nearby or neighboring irradiated cells behave as
though they have been exposed [16, 17]. These well-
documented responses are collectively known as non-
targeted effects, although the underlying molecular
mechanisms are not completely understood [18]. How-
ever, the conventional concept of radiological protection
has not taken into consideration such tissue-level re-
sponses following exposure to environmental radiation.
In clinical practice, the tissue-sparing response in

non-uniform radiation fields was recognized more than
one century ago. In 1909, Alban Köhler reported the
first clinical observation of a tissue-sparing response
during grid radiotherapy in which spatially fractionated
radiation was delivered using a grid-like pattern of
beams [19]. In 1995, a notable tissue-sparing was re-
ported in rat brain tissues during a microbeam radiation
therapy (MRT) study [20], performed at the National
Synchrotron Light Source, Brookhaven National Labora-
tory. Since then, the tissue-sparing effect (TSE) of MRT,
which is based on a spatial fractionation of synchrotron-
generated X-ray microbeams at the microscale level, has
been confirmed in a large variety of species and tissue
types, although the underlying mechanism of TSE re-
mains to be established [19–25]. The TSE of spatial-
fractionated radiation indicates significant implications
not only for clinical applications, but also for the im-
provement of risk assessment of exposure to non-
uniform radiation, such as environmental radiation.
For a more accurate risk assessment of exposure to

Fig. 1 Low-dose radiation dose distributions at micro-scale level. This is a simulated result of exposure to dose levels of approximately 1 mGy/year.
The distribution of the dose is tempo-spatially heterogenous. The blue lines indicate radiation tracks in the irradiated tissue
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environmental radiation, the assessment of the spatio-
temporal dose distribution could be of scientific im-
portance due to the TSE.

Presentation of the hypothesis
As shown in Fig. 2, intercellular responses, such as
apoptosis and clearance of apoptotic cells, cell competi-
tion and tissue repair/regeneration, would be involved in
TSE in response to non-uniform radiation fields.
Depending on the efficiency of acute cellular responses
following irradiation, the damaged cells either survive or
are removed from the tissue. In general, if radiation-
induced damages of cellular components, in particular
DNA, are not repaired sufficiently, the damaged cells
will commit suicide in a process called apoptosis, which
is a clearance system in multicellular organisms [26, 27].
Further, for tissue homeostasis, cell competition is essen-
tial as a cell fitness-sensing mechanism seen from in-
sects to mammals that eliminates cells that, although
viable, are less fit than their neighbors [28]. Damaged
cells induced by non-uniform radiation would be re-
moved by the neighboring cells due to cell competition,
resulting in the prevention of a pathological state, such
as carcinogenesis [29]. In addition, to remove cancer
cells, interactions between the immune system and can-
cer governed by a complex network of biological

pathways are a rapidly developing research area [30].
The therapeutic effects of radiotherapy have been ob-
served not only in cancer cells, but also in their micro-
environment. Today the role of the host’s immune
system in the mechanisms of tumor regression by gener-
ating a cytotoxic adaptive immune response is well de-
scribed and is recognized as immunogenic cell death
(ICD) [31]. In this complex myriad of events, intrinsic
characteristics of the tumor cells (tumor type, immuno-
genic capacity) and the immune status of the host are
important factors determining the successful induction
of ICD [32]. In addition to the potential synergism in
terms of local control, the possibility to obtain systemic
responses, described initially by Mole in 1953 as “the
abscopal effect [33],” mediated by ICD has stimulated
great interest. After the complete clearance of damaged
cells, tissue repair/regeneration generally occurs for the
maintenance of normal tissue functions, namely homeo-
stasis. Somatic stem cells migrate from the intact to the
defective parts and regenerate the structure and function
of tissue by their proliferation and differentiation
[34, 35]. Such tissue homeostasis mechanisms could
be involved in radiation-induced biological responses
at the tissue level. However little is know, particu-
larly with respect to immune system modulation at
low environmental doses.

Fig. 2 Radiation-induced biological responses at the tissue level. When cell-level repair responses (e.g. DNA damage repair, and oxidative stress
response) cannot completely repair the radiation-induced damages, the removal of damaged cells (e.g. apoptosis, and cell competition) and tissue
structure repair/regeneration (e.g. stem cell migration and proliferation) minimize the influence for maintaining normal tissue functions. The removals of
damaged cells prevent the tissue from carcinogenesis or senescence that are targets of immune system. The failures of tissue structure repair/regeneration
induce wholly or partially the dysfunction
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We do not intend to question the conventional LNT
concept for radiological protection purposes. Our aim is
to suggest further studies on the mechanisms of
radiation-induced biological responses at the tissue level
for a more accurate estimation of environmental
radiation risk. We hypothesize that the health risks of
environmental radiation exposure are prone to be over-
estimated because at the very least radiation-induced
biological responses at the tissue level, especially TSE,
are not adequately considered. Conventionally, animal
studies have been commonly used to investigate the
radiation-induced biological responses at the tissue level.
However, most of these studies have been performed by
uniform radiation exposure, such as total body irradi-
ation, thus the knowledge on tissue homeostasis re-
sponses following exposure to non-uniform radiation,
such as environmental radiation, appears to be insuffi-
cient even now.

Testing the hypothesis
Because the technology of MRT has only recently been
developed, the molecular mechanisms of TSE in re-
sponse to non-uniform radiation fields have not yet been
fully determined. As we suggest in this paper, there
appears to be several potential biological responses in-
volved in tissue homeostasis after exposure to non-uni-
form radiation, such as environmental radiation. Given
the use of high-precision microbeams, further radiobio-
logical studies on such biological responses are foreseen.
Key to this will be an appropriate assessment of the
interrelationship between dose and its localization in tis-
sue volumes.
Also, epidemiological studies of non-uniform radiation-

induced biological effects will provide a more comprehen-
sive radiological understanding of response mechanisms,
leading to improved accuracy in the estimations of envir-
onmental radiation risk. The confirmation of spatiotem-
poral dose distribution of environmental radiation will be
of scientific importance in such studies.

Implications of the hypothesis
The hypothesis will suggest reconsidering the concept of
the health-risk assessment of environmental radiation
from the viewpoint of precision medicine. If the evi-
dence for the hypothesis can be strengthened by appro-
priate radiobiological and epidemiological studies, the
target of current environmental radiation risk assess-
ment approaches will show a dramatic change from the
“average person” to “each person”. To consider individ-
ual spatiotemporal exposure to radiation will provide a
novel insight into individual risk assessment of environ-
mental radiation. For the coming era of precision medi-
cine, in addition to the consideration of genomic factors
[36], the global scientific community, including such

bodies as NCRP and ICRP, need to consider how to inte-
grate similar personalized approaches into a future con-
cepts of radiological protection. We hope that our
hypothesis will stimulate scientific debate in the field.
Since the large-scale nuclear disasters in Chernobyl, in

1986, and in Fukushima, in 2011, there has been a great
deal of public concern about the possible health effects
of long-term and low-dose radiation exposure on
current and future generations [37–39]. Previous data
based on population cohorts, such as the LSS, estimate
that the risk of cancer from radiation exposure will in-
crease at doses exceeding approximately 100 mSv [4, 5],
although there are technical limitations and biases [40].
These data, however, are mainly based on acute irradi-
ation situations, such as the explosion of the atomic
bomb, and could not take weighting factors of spatio-
temporal dose distributions into consideration. The
hypothesis we suggest would provide a novel ap-
proach for more accurate individual risk assessment
of such low-dose and long-term environmental radi-
ation exposures.
Risk assessment of exposure to environmental radi-

ation is essential for human activity in space. As future
missions explore beyond low-Earth orbit (LEO) and
away from the protection of the Earth’s magnetic shield-
ing, the nature of radiation exposure that astronauts en-
counter will include higher radiation exposures [41].
During transit outside of LEO, every cell nucleus within
an astronaut’s body would be traversed by a proton or
electron ray every few days, and by a heavier galactic
cosmic ray ion (e.g., O, Si, Fe) every few months [42].
For a more accurate risk assessment of exposure to such
an environment, the understanding of non-uniform,
radiation-induced biological responses at the tissue level
will be of scientific importance.
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The formation of sperm by the testes through the process
of spermatogenesis is highly radiosensitive and can be
affected by environmental, occupational and therapeutic
radiation exposures. In this study, we applied an ex vivo
mouse testis organ culture as an experimental model of
spermatogenesis to investigate the radiobiological effects and
to demonstrate its feasibility as a tool to determine response
to complex, modulated radiation fields. This model uses Acr-
GFP transgenic mice, which express the marker green
fluorescent proteins specific for meiosis to allow observation
of functional changes in real-time that can be used to analyze
radiation-induced changes in the process of spermatogenesis.
Our results showed that the model can accurately reproduce
radiation-induced male germ cell toxicity, such as temporary
infertility and permanent sterility. Furthermore, using a
monochromatic X-ray microbeam, we applied this model to
investigate the effects of heterogeneous radiation fields on
testis tissue ex vivo. Our model represents a unique
application in the field, which offers significant potential for
gaining further mechanistic insight into radiation effects on
the process of spermatogenesis. � 2018 by Radiation Research Society

INTRODUCTION

Infertility is a potential detrimental effect of cancer
therapies and significantly affects the quality of life for

survivors during their pre-reproductive and reproductive

years (1). Although modern radiotherapy techniques have

evolved to a high level of precision and accuracy resulting

in significant reduction of the potential risk of infertility

associate with treatment, radiotherapy can still result in

temporary or permanent gonadal toxicity in male patients

(2). Damage to spermatogenesis can result either from direct

radiation of the testis or scattered dose received during the

treatment of cancers including prostate, bladder, penile,

testicular and rectal cancer (3). Total doses to the testes

exceeding 2.5 Gy delivered as multiple fractions generally

produces permanent azoospermia, however a single fraction

of greater than 6 Gy result in the same effect (4, 5). Further

investigation of radiation effects on spermatogenesis are

needed to reduce the risk of infertility and improve the

quality of life for cancer survivors.

Modern radiotherapy techniques, such as intensity-

modulated radiotherapy (IMRT) and volumetric modulated

arc therapy (VMAT), can closely conform dose distribu-

tions to target tumors, thereby reducing the radiation-

induced toxicity and/or side effects in normal surrounding

tissues (6, 7). These advancements contribute significantly

to improved clinical outcomes; however, they also dramat-

ically complicate risk assessments in surrounding normal

tissues due to the heterogeneous distribution of radiation

dose (8–11). Heterogeneous dose distributions have been

shown to cause radiation-induced effects mediated by

intercellular signaling from irradiated cells in high-dose

regions to those in low-dose regions, defined as radiation-

induced bystander effects (RIBEs). RIBEs are known to

induce changes in gene expression, cell proliferation,

apoptosis and genetic instability (12, 13). However, their

precise role in clinically relevant exposure scenarios

remains to be determined due to a lack of adequate models

that recapitulate clinical scenarios (14).
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In the current study, we applied an ex vivo mouse testis

culture model to investigate the radiobiological responses to

conventional wide-field X rays and monochromatic X-ray

microbeams. The original ex vivo organ culture method
developed by Sato et al. (15) has been extended to monitor

spermatogenesis in the acrosome-green fluorescent protein-

expressing transgenic mouse (Acr-GFP transgenic mouse)

model, which expresses meiosis-specific GFP (16). We

applied this model to directly observe radiation effects on
spermatogenesis. This study demonstrates the feasibility of

combining ex vivo testis culture models with different

exposure techniques and shows the great potential for

providing novel insights into male infertility after radio-

therapy.

METHODS

Mice and Testis Organ Culture

Testes were obtained at day 7 postpartum from acrosome Acr-GFP
transgenic mice from the RIKEN BioResource Center (Tsukuba, Japan)
through the National BioResource Project, Ministry of Education,
Culture, Sports, Science and Technology (MEXT), Japan. Female ICR,
C57BL/6 (CLEA Japan) or ICR 3 C57BL/6F1 mice were mated with
male transgenic mice to produce pups. These mice express the green
fluorescent protein (GFP) marker specific for meiosis, which is
extremely useful for monitoring the progress of spermatogenesis (17,
18). All animal experiments conformed to the Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional
Committee of Laboratory Animal Experimentation (Animal Research
Center of Yokohama City University, Yokohama, Japan).

As previously described elsewhere (16), each testis sample was
sliced into 8–10 pieces approximately 1 mm3 in size when compacted.
Each piece of tissue was immediately placed on a 1.5% agarose gel
block immersed in 0.5 ml of a-MEM media containing 10% knockout
serum replacement, 1% of the antibiotic mixture solution Antibiotic-
Antimycotic (both from Thermo Fisher Scientific K.K., Yokohama,
Japan) and 0.2 mM NaHCO3 in a 12-well culture dish (Fig. 1).
Samples were cultured in a humidified incubator at 348C under an
atmosphere of 95% air/5% CO2.

X-Ray Settings and Fluorescent Microscopy

To observe radiation-induced effects on spermatogenesis, the
cultured testis tissues were irradiated at day 7 postpartum with doses
of 0.2 (n¼3), 0.5 (n¼4), 1 (n¼3), 2 (n¼4), 5 (n¼4) and 10 Gy (n¼
4) at dose rates of 1 Gy/min or left nonirradiated (n ¼ 4). A single
tissue sample from each mouse testes was randomly assigned to an
experimental group. A minimum of 4 tissue samples each from
different donor mice were used for each experiment, however,
contaminated samples were excluded. Irradiation was performed using
a conventional X-ray source (Softext, Sagamihara, Japan) operated at
a tube voltage of 150 kV and tube current of 4.1 mA. The
characteristic X rays from the titanium anode were used to expose
the samples and the most intense energy was approximately 60 keV. A
0.2-mm aluminum filter was used to filter out X rays lower than 7
keV. Tissues on agarose gel in the culture dish were placed in the
irradiation chamber of the X-ray apparatus and exposed to X rays
vertically through the dish lid.

After X-ray irradiations, the cultured testis tissues were monitored
daily for more than 30 days by fluorescence microscopy (Keyence
Corp., Osaka, Japan) with an objective lens (43 magnification) to
capture GFP-fluorescent and bright-field images. Image J software
(NIH, Bethesda, MD), was used to quantitatively determine the levels
of GFP expression in the peripheral region of the testis tissue in
irradiated and nonirradiated explants. The centers and edges of
nonirradiated control tissues showed distinct necrosis or tissue damage
due to the technical limitations of the organ culture method. Thus, a
mask was applied to the damaged region and GFP expression
determined only in the peripheral areas of the tissue. After the
observation at different time points, tissues were returned to the
incubator and images acquired on alternate days.

Feasibility of Microbeam Irradiation

As described elsewhere (19), 5.35 keV monochromatic X-ray
microbeam irradiation was performed using the synchrotron beamline
BL-27 at the Photon Factory (PF), High Energy Accelerator Research
Organization (KEK) (Tsukuba, Japan). The X-ray microbeam size was
adjusted using a four-dimensional slit system to a square beam area of
300 3 300 lm (20). The exposure was determined by measuring X-ray
beam intensity upstream of the slit system using a specially designed
free air ionization with parallel-plate-collecting electrodes of 30-mm
length with a 40-mm space between the electrodes (21). A silicon
photodiode (International Radiation Detectors Inc., Torrance, CA) was

FIG. 1. Schematic representation of ex vivo organ culture of testis using Acr-GFP transgenic mice. To establish the organ culture, the separated
testis tissues (approximately 1–2 mm3 in size) were placed on sterile agarose gel stands half-soaked in the media. The mice express meiosis-
specific GFP, which can be visualized and graded according to developmental stage and used to determine functional effects on spermatogenesis.
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used as a second detector for the intensity measurement at both the
incident beam position (upstream of the slit) and microscope stage
(downstream of the slit). The photodiode current at the sample
position was then converted to exposure. The value was approxi-
mately 7.7 3 10–3 C/kg/s, confirmed by photon flux (9.3 3 103

photons/s/100 lm2). The exposure applied to the sample was 0.26 C/
kg, which corresponds approximately to an absorbed dose of 5 Gy.

The energy mass absorption coefficient (len/q) at 5.3 keV of testis
(3.17 3 101 cm2/g) is close to that of water (3.21 3 101 cm2/g)
(XCOM: photon cross section database version 3.1) (22), thus, the

FIG. 2. Chronological GFP expression changes after irradiation. Panel A: Representative images show GFP
expression in single cultures of testis X-ray irradiated (150 keV) with 0 (control) and 10 Gy, obtained at days13–
31 postpartum, respectively. Panel B: Quantification of chronological changes in GFP expression. The levels of
GFP expression in the peripheral region of the testis tissue in irradiated and nonirradiated explants were
quantitatively determined using ImageJ. The centers and edges showed necrosis or tissue damage because of the
technical limitations of the testis organ culture method, thus peripheral areas of the tissue were used only for the
assessment of GFP expression. The changes after 5 and 10 Gy irradiation were the same (0%) during the
observation periods. Single tissue samples from each mouse testes were randomly assigned to experimental
groups. A minimum of four tissue samples each from different donor mice were used for each experiment,
however, contaminated samples were excluded. Data shows the mean GFP expression 6 SD at dose of 0–10
Gy.
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beam attenuation of the monochromatic soft X rays in the sample was
estimated assuming the track structure in water. The absorbed doses in
each cubic volume (1 lm) at a particular depth from the sample
surface was calculated based on the number of photo-absorption
events and track structures of secondary electrons using a Monte Carlo
track structure code, TRACEL (23, 24). When a cell volume was
assumed to be a 10-lm cube, the doses delivered to each cell in the
same depth level were uniform; however, the beam intensity was
significantly attenuated exponentially in the depth direction. The dose
received by the cells at the bottom of the sample was 38% of that
received by the cells at the top surface. The dose delivered by the
secondary electrons to the outside region of the microbeam area was
negligible (0.25%) due to their very short range (1.1 lm maximum).

Immunohistochemical Analysis

Immunofluorescence staining was performed as follows: tissues
fixed with 4% (w/v %) paraformaldehyde in phosphate buffered saline
(PBS) at 48C for 6 h or overnight were cryo-embedded in optimal
cutting temperature (OCT) compound (Sakura Finetek, Tokyo, Japan)
and cut into 7-lm-thick sections. Sections were washed once with
PBS for 5 min, and then in 0.2% PBT four times for 10 min each.
Sections were blocked with Image-iTe FX Signal Enhancer (Thermo
Fisher Scientific Inc., Waltham, MA) for 30 min, incubated with rabbit
anti-gamma H2AX antibody (1:1,000; Abcam, Cambridge, UK) and
rat anti-Tra98 antibody (1:1,000; BioAcademia, Osaka, Japan)
overnight at 48C, and rinsed four times with PBS containing Tritone

X-100 (0.2%). Secondary antibodies were applied for 1 h at room
temperature. Nuclei were counterstained with Hoechst 33342 (1 lg/
ml; bisBenzimide H 33342). The secondary antibodies were goat anti-
rabbit IgG, goat anti-rat IgG, and donkey anti-goat IgG, conjugated to
Alexa Fluort 488, Alexa Fluor 555 or Alexa Fluor 647 (1:200;
Thermo Fisher Scientific Inc.). The immunologically stained samples
were mounted on slides in ProLonge Diamond Antifade Mountant
(Thermo Fisher Scientific Inc.).

Tissues were fixed with Bouin’s fixative (Muto Pure Chemicals,
Tokyo, Japan). and embedded in paraffin for Periodic Acid-Schiff
(PAS) staining. One section showing the largest cut surface was
selected for each specimen and stained with PAS-hematoxylin.

RESULTS AND DISCUSSION

Figure 2A shows representative images of the expression
of Acr-GFP in the testis cultures after irradiation with
conventional 150 kVp X rays. GFP expression illustrates
the progression of meiosis, and in the control cultures, peak
expression occurred at approximately 19–21 days postpar-
tum. However, a delay in dose-dependent peak expression
was confirmed by observation 1 month postirradiation at a
dose of 0.5 Gy or greater (Fig. 2B). Since the centers and
edges of nonirradiated control tissues showed distinct
necrosis or tissue damage due to the technical limitations
of the organ culture method, we determined GFP expression
only in the peripheral areas of the tissue. The dose-
dependent tissue damage and decrease in the area of GFP
expression were also confirmed after 1–10 Gy irradiation.

Recovery of spermatogenesis after irradiation is driven by
surviving spermatogonial stem cells in a dose-dependent
manner. Complete recovery in patients (i.e., a return to
preirradiation sperm concentrations and germinal cell
numbers) occurs within 9–18 months after �1 Gy
irradiation. This time to recovery increases to 30 months
after 2–3 Gy and to 5 years or more after �4 Gy irradiation

FIG. 3. Histological images with PAS staining of culture tissues,
demonstrating round and elongating spermatids (yellow arrows).
Panel A: Control samples. Panel B: 1 Gy irradiated samples. Scale
bars, 50 lm. After culturing for more than one month postirradiation,
these samples were performed by PAS staining to investigate the
progress of spermatogenesis.
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(5). Furthermore, doses exceeding 6 Gy may result in
permanent azoospermia (5). Our results, which demonstrate
the reversible and irreversible radiobiological effects in the
testis culture (Fig. 2), may represent the clinical conditions
of temporary infertility and permanent sterility. Although
GFP expression was measured for 30 days in this study,
Sato et al. (15) have previously shown that the explants can
remain viable for up to 70 days.

A histological analysis using PAS staining showed round
and elongating spermatids in cultures after 1 Gy irradiation,
which appeared to contain fewer spermatids than the control
sample; however, these were not quantified in the current
study (Fig. 3). After long-term culture of testis tissue (i.e.,
more than 30 days), spermatogenesis reached a mature stage
and spermatogonial stem cells were differentiated to
functional sperm cells and/or spermatids. According to
previously reported studies, offspring can be produced by
sperm cells or round or elongating spermatids in ex vivo
cultures via intracytoplasmic sperm injection and round
spermatid injection techniques (15, 25). Therefore, ex vivo
testis tissue exposed to 1 Gy or lower energy X rays can

maintain male gonadal function. However, in the current
study, no round or elongating spermatids were found in
cultures exposed to more than 1 Gy, which suggested that a
radiation dose greater than this threshold would result in
irreversible damage to spermatogenesis.

Using a monochromatic X-ray microbeam, we investi-
gated the reproducibility of a modulated dose distribution at
the microscale level. Figure 4 is a representative c-H2AX
immunohistochemical image of a testis tissue sample 6 h
after 10 Gy irradiation using an X-ray microbeam. Gamma-
H2AX foci formation confirmed DNA double-strand breaks
in the nucleus with clearly observable differences after 10
Gy irradiation (yellow-dashed square, 300 3 300 lm)
compared to the nonirradiated surrounding area in the
culture. Due to the high-precision slit system to cut out the
parallel beam (21), the distribution of immunostained c-
H2AX in the testis cultures clearly depended on the shape of
the irradiated microbeam. We checked the reproducibility of
a modulated dose distribution in this culture at the
microscale level multiple times. Furthermore, the obtained
image clearly showed distinct border lines (with a linewidth

FIG. 4. Representative c-H2AX immunohistochemical image of a testis tissue sample 6 h after 10 Gy X-ray
irradiation. Gamma-H2AX, Hoechst and Tra98 (anti-germ cell-specific antigen antibody) are shown as red, blue
and green, respectively. Gamma-H2AX foci clearly show regions of radiation-induced double-strand breaks
(yellow-dashed square, 300 3 300 lm). Scale bar, 50 lm.
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of single cellular level) of c-H2AX foci expression between
the irradiated and nonirradiated area, indicating dose
delivery to the nonirradiated area by high-energy secondary
electrons, which have been known to cause frequently
undesirable effects on nonirradiated areas when conven-
tional radiation sources are used. This work demonstrates
that X-ray microbeam exposure to the ex vivo model is a
suitable system for future examinations of RIBE at an organ
level.

While Tra98 (anti-germ cell-specific antigen antibody)
staining confirmed germ cells, in this case we also observed
that both germ cells and various somatic cells showed
radiation-induced DNA damage, which suggests radiation-
induced intracellular signaling between germ and somatic
cells. To date, investigations of radiation-induced responses
such as RIBEs have mostly used single cell culture models,
which fail to represent intercellular signaling among
different cells that may be occurring within the tissue
microenvironment (14). Extensive study is required to
further elucidate responses at the tissue level under relevant
dose exposure scenarios simulating clinically relevant, as
well as environmental and occupational exposures. Our
preliminary results reported here demonstrated the technical
feasibility of this ex vivo model for such radiobiological
studies.

We have shown the research value of our ex vivo
spermatogenesis and X-ray microbeam irradiation tech-
niques, which could provide real-time direct observations in
a mouse model and enable the analysis of radiation-induced
effects on the male germ line. These technical features have
potential for providing novel insights into radiation-induced
bystander responses, which may be used to enhance tumor
cell kill or protect normal tissues from the damaging
consequences of radiation exposure (26). Furthermore, they
will be useful for further investigations into radiation-
induced toxicity and/or side effects after radiotherapy and
will specifically provide more accurate assessments of the
risk of radiation to spermatogenesis in the future. However,
we observed a number of technical limitations associated
with our method. For example, due to the lack of vascular
and matrix structure in the testis culture, all aspects of the
tissue microenvironment may not be accurately recapitulat-
ed. The relationship between these structures and radiation-
induced signaling may differ from the actual in vivo
scenario where target tissues are surrounded by a range of
different cell types and interactions from multiple physio-
logical systems.

This model also offers a potential approach to the
investigate of transgenerational effects resulting from
paternal exposure to radiation. To our knowledge, in
humans, the hypothesis of transgenerational effects from
paternal exposure remains controversial (27). However,
these effects have been detected, extending to the germ line
of the first generation of unexposed offspring in mice
manifested by increased genomic instability in the progeny
(28). It has been suggested that both genomic and epigenetic

pathways, such as sperm DNA mutations, genomic
instability, suppression of germ-cell apoptosis and imprint-
ing errors, are potential mediators of transmissible radiation
effects from environmental exposure (27). With the
advancement of genetic technology (e.g., single-cell
genome and RNA sequence techniques), our model has
potential to support further investigations into radiation
effects on spermatogenesis, including consequent spatial
and temporal modulation and transgenerational effects.
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High-precision microbeam 
radiotherapy reveals testicular 
tissue-sparing effects for male 
fertility preservation
Hisanori fukunaga  1,2, Kiichi Kaminaga3, Takuya Sato  4, Karl T. Butterworth1, 
Ritsuko Watanabe3, Noriko Usami5, Takehiko ogawa4, Akinari Yokoya3 & Kevin M. prise  1

Microbeam radiotherapy (MRT) is based on a spatial fractionation of synchrotron X-ray microbeams at 
the microscale level. Although the tissue-sparing effect (TSE) in response to non-uniform radiation fields 
was recognized more than one century ago, the TSE of MRT in the testes and its clinical importance 
for preventing male fertility remain to be determined. In this study, using the combination of MRT 
techniques and a unique ex vivo testes organ culture, we show, for the first time, the MRT-mediated TSE 
for the preservation of spermatogenesis. Furthermore, our high-precision microbeam analysis revealed 
that the survival and potential migration steps of the non-irradiated germ stem cells in the irradiated 
testes tissue would be needed for the effective TSE for spermatogenesis. Our findings indicated the 
distribution of dose irradiated in the testes at the microscale level is of clinical importance for delivering 
high doses of radiation to the tumor, while still preserving male fertility.

Infertility is still an unfortunate adverse effect of most cancer therapies, as it impacts the quality of life in cancer 
survivors. In recent clinical practice, radiation treatments for cancer have evolved to a high level of precision and 
accuracy, nevertheless they may result in temporary, long-term, or permanent gonadal toxicity in male patients1–3. 
Damage to spermatogenesis can result from either direct radiation of the testes or the scattered dose received 
during the radiation treatment of cancers, such as prostate, bladder, rectal, and bone cancers4. Furthermore, the 
male reproductive potential continues to be adversely affected not only by clinical, but also environmental and 
occupational radiation exposures5,6. From a radiobiological perspective, however, the underlying mechanisms of 
infertility following radiation exposure remain unclear7. The preservation of male fertility following exposure to 
various radiation types, particularly radiation treatment for cancer, has therefore been one of the most significant 
challenges in the field of basic, translational, and clinical radiation research.

Radiation-induced effects on biological tissues were recognised immediately after the pivotal discov-
ery of X-rays by Wilhelm Röntgen in 18958. In general, radiation-induced effects at the tissue level seem to 
be dose-dependent with or without a threshold9–12. However, there is a remarkable difference in tissue-level 
responses depending on whether radiation is delivered uniformly or non-uniformly. In 1909, Alban Köhler 
reported the clinical observations of the tissue-sparing response during “grid radiotherapy” in which spatially 
fractionated radiation is delivered using a grid-like pattern of beams13,14. Furthermore, since the establishment 
of the fundamental concept of “microbeam radiotherapy (MRT)” in the 1990s, which is based on a spatial frac-
tionation of synchrotron-generated X-ray microbeams at the microscale level15, notable tissue-sparing effects 
(TSE) following exposure to micro-slit X-ray microbeams have been confirmed in a variety of species and tissue 
types16–21. Therefore, although the underlying mechanisms of TSE remain unclear, we hypothesize that TSE of 
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MRT in the testes would be helpful for the preservation of male fertility, while delivering high doses of radiation 
to the tumor.

To test our hypothesis, we show, for the first time, the TSE following MRT for preserving spermatogenesis 
and then elucidate the conditions required for eliciting them in the testes. For the purposes, we used a novel 
technical combination of synchrotron-generated X-ray microbeams and a unique ex vivo testes organ culture 
which enables to monitor the progress of spermatogenesis and to easily assess the radiation-induced impacts. In 
this study, we used a transgenic mouse model expressing acrosome-green fluorescent protein (Acr-GFP) which is 
a meiosis-specific biomarker22,23. We coupled this with a novel ex vivo testes organ culture technique, developed 
in 2011 to produce fully functional sperm in vitro (Fig. 1, and Supplementary Fig. 1, 2)24. This allows clear and 
easy monitoring of the process of spermatogenesis for more than one month25. As previously reported, this ex 
vivo model of spermatogenesis can reproduce the deterministic effects of radiation (e.g., temporary infertility and 
permanent sterility) following uniform exposure to conventional X-rays26.

We also used a 5.35 keV monochromatic X-ray microbeam irradiator at the Photon Factory synchrotron facil-
ity based at the High Energy Accelerator Research Organisation (Tsukuba, Japan) (Fig. 2a,b)27. In the present 
study, we confirmed that the radiation-induced biological effects on spermatogenesis (e.g., temporary infertility 
and permanent sterility) in ex vivo replicant samples following uniform exposure to the synchrotron X-ray beams 
are dose-dependent (see Supplementary Figs 3, 4).

In 1995 Slatkin and his colleagues of the Brookhaven National Laboratory (Upton, NY, USA) first reported 
that those brain cells showed unusual resistance to necrosis after exposure to synchrotron-generated micro-slit 
X-ray microbeams with an effective energy region from 32 to 126 keV, a critical energy of 48.5 keV16. These high 
energy X-rays interact with matter through both photoelectric process and Compton scattering equally28. The 
Compton scattering can produce scattering photons and recoil electrons in a similar energy region of incident 
X-rays29. This indicates that, even when irradiated with micro-slit X-ray microbeams, the non-irradiated part 
(valley part) in the tissue also received a certain dose though the secondary ejected particles. However, our exper-
imental procedure using lower energy (5.35 keV) X-rays in the Photon Factory made it possible to separately 
investigate the responses of the irradiated and the non-irradiated areas in the tissue26.

As shown in Fig. 2c, to investigate biological responses in non-uniform radiation fields, we performed 
high-precision 200, 50 and 12.5 μm-slit irradiation, where approximately 50% of the sample was irradiated via a 
four-dimensional slit system of monochromatic X-ray microbeam irradiator. The dose profiles of these microbe-
ams were calculated with a Monte Carlo particle transport simulation code, PHITS ver. 2.9630. The dose profiles 
were also confirmed using radiochromic film (Fig. 2d). For MRT, the adequacy of the procedure of averaging the 
non-homogeneous peak and valley doses31, or the adequacy of using the valley dose as a value that is biologically 
equivalent to that of a seamless, broad beam exposure of live mammalian cells or organisms has been postulated, 
but not has not been formally and unequivocally confirmed by preclinical experiments.

Results
Live-tissue imaging reveals the tissue-sparing effects for spermatogenesis. First, using the micro-
slit X-ray microbeams and the ex vivo testes organ culture, we tested the TSE following MRT for preserving spermat-
ogenesis. Testes samples were obtained from around 7 days postpartum (dpp) Acr-GFP transgenic male mice, and 
each sample was cut into 8–10 tissue pieces approximately 1 mm3 in size for ex vivo organ culture25. To observe radi-
ation-induced effects on spermatogenesis, the cultured samples were irradiated at 8 dpp. The staining of γ-H2AX 
was used to confirm the 50% 200 μm-slit irradiated areas in the cultured tissue. As shown in Fig. 3a, the distribution 
of immune-stained γ-H2AX in the sample was a good approximation of the shape of the MRT irradiation patterns.

Our live-tissue imaging revealed that the dose of 2.5 Gy applied in uniform mode almost completely oblite-
rated the fluorescence signal of Acr-GFP from 14 to 22 dpp, whereas in the micro-slit irradiated from 16 to 22 
dpp, the fluorescence signal remained similar to that of non-irradiated controls, indicating the occurrence of a 
significant TSE for spermatogenesis (Fig. 3c). To our knowledge, this is the first study to visualize the TSE for 
spermatogenesis in response to non-uniform radiation fields such as MRT.

Non-irradiated spermatogonial cells are required for the effective tissue-sparing effects for 
spermatogenesis. Next, we elucidated the conditions required to elicit the effective TSE following MRT by 
changing the micro-slit width from 200 to 12.5 μm. The staining of γ-H2AX was used to confirm the 50% 200, 50, 
and 12.5 μm-slit irradiated areas in the cultured sample. As shown in Fig. 4a, the distribution of immune-stained 
γ-H2AX in the sample was a good approximation of the shape of the MRT irradiation patterns.

Male mouse
(7 days postpartum)

Resected
testes

Divided tissues
(8–10 pieces)

Tissue Agarose

αMEM + KSR

Ex vivo culture

Figure 1. Ex vivo testes organ culture. Schematic representation of ex vivo testes organ culture. Testes were 
obtained from 7 days postpartum male mice. Resected testes were cut into 8–10 pieces, and then each piece was 
placed on an agarose gel block immersed in α-MEM medium containing KSR (KnockOut Serum Replacement).
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Our live-tissue imaging reveals that the Acr-GFP expression changes significantly differed for the 12.5 μm-slit 
irradiated tissue when compared with either the 200 or the 50 μm-slit irradiated tissues (Fig. 4b,c). Because the 
average diameter of spermatogonial cells at 7–8 dpp is approximately 15 μm32, some of the spermatogonial cells 
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Figure 2. Synchrotron-generated X-ray microbeam irradiation settings. (a) Optical apparatus for X-ray 
microbeam irradiation, using the synchrotron beamline BL-27 at the Photon Factory, High Energy Accelerator 
Research Organization (KEK). (b) Photo of X-ray microbeam irradiation settings with ex vivo testes organ 
cultures. (c) Dose profiles of the 200, 50, and 12.5 μm-width microbeams, calculated with PHITS code. The 
beam intensity was essentially flat within the beam width. The deviation of the dose was about ± 6% of the 
averaged dose. Due to the very short range of secondary electrons (1.1 μm maximum) produced by the 5.35 keV 
X-ray exposure, the doses delivered outside of the irradiated area was negligible (<0.25%). (d) Dose profiles of 
the 200, 50, and 12.5 μm-width microbeams were also confirmed using Gafchromic XR-RV3 radiochromic film 
(Ashland Inc., Covington, KY, USA). Scale bars, 1000, 500, and 200 μm.
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were unirradiated in the 200 and 50 μm irradiated tissues, whereas almost all the spermatogonial cells were par-
tially or completely irradiated in the 12.5 μm-slit irradiated tissues (Fig. 4a). Thus, the result showed that the 
effective TSE for spermatogenesis required a non-irradiated spermatogonial cell population.

Periodic Acid-Schiff (PSA) staining, commonly used to visualize the changes of the developing acrosome dur-
ing acrosome-genesis33, can reveal the presence of round or elongating spermatids. As shown in Supplementary 
Fig. 5, we confirmed the presence of round or elongating spermatids in the culture tissues following exposure to 
200 and 50 μm-slit radiation and incubation for around 35 days which is enough long for the period of spermat-
ogenesis. Offspring can be produced by sperm cells or round or elongating spermatids in ex vivo cultured tissues 
via intracytoplasmic sperm injection (ICSI) or round spermatid injection (ROSI) techniques24. Therefore, the 
differentiated spermatogonial cells produced in the micro-slit irradiated tissue due to the tissue-sparing effects 
could produce offspring, showing the preservation of male fertility.
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Figure 3. Tissue-sparing effect of micro-slit radiation in spermatogenesis. (a) Immunohistochemical images 
of ex vivo testes culture tissues 1 h after 10 Gy 200 μm-slit X-ray microbeam irradiation. Staining for γ-H2AX, 
Anti-GENA (anti-germ cell-specific antigen antibody), and Hoechst (for DNA) is shown as red, green, and blue, 
respectively. Scale bars, 500 μm. (b) Representative images show Acr-GFP expression changes in single cultures 
following 0 Gy (control), 5 Gy micro-slit (50%), and 2.5 Gy uniform (100%) X-ray irradiation, from 14 to 22 
days postpartum (dpp). Scale bars, 500 μm. (c) Chronological changes in Acr-GFP expression after the micro-
slit and the uniform X-ray irradiation. A minimum of three tissue samples each from different donor mice were 
used for each experiment. Data represent the mean GFP expression ± SD. Asterisk indicates P < 0.01.
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Figure 4. Difference of tissue-sparing effect between 200, 50, and 12.5 μm-slit radiation. (a) 
Immunohistochemical images of ex vivo testes culture tissues 1 h after 10 Gy 200, 50 and 12.5 μm-slit X-ray 
microbeam irradiation. Staining for γ-H2AX, Anti-GENA (anti-germ cell-specific antigen antibody), and 
Hoechst (for DNA) is shown as red, green, and blue, respectively. Scale bars, 100 μm (upper); 20 μm (middle and 
lower). (b) Representative images showing Acr-GFP expression in single cultures following 0 Gy (control), 5 Gy 
200, 50 and 12.5 μm-slit (50%), and 2.5 Gy uniform X-ray irradiation (100%) obtained at 14, 16, 18, 20 and 22 
dpp. Scale bars, 500 μm. (c) Chronological Acr-GFP expression changes after the 5 Gy 200, 50 and 12.5 μm-slit 
(50%) X-ray irradiation. A minimum of three tissue samples each from different donor mice were used for each 
experiment. Data represent the mean Acr-GFP expression ± SD. Asterisk indicates P < 0.01.
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Spermatogonial cell migration for maintaining spermatogenesis in the 50% irradiated tissues.  
To investigate the TSE expanding process in the progress of spermatogenesis, we imaged the TSE for spermato-
genesis after 50% irradiation of a tissue culture expressing Acr-GFP (i.e., irradiation of one of the two dimidiate 
parts). The staining of γ-H2AX was used to confirm the 50% irradiated areas in the cultured sample. As shown 
in Fig. 5a, the distribution of immune-stained γ-H2AX in the sample was a good approximation of the shape of 
the irradiation patterns.

Our live-tissue imaging reveals that after 50% irradiation of the cultured tissue, the areas expressing Acr-GFP 
were visibly expanded from the non-irradiated to the irradiated areas (Fig. 5b). The γ-H2AX staining also 
revealed the possibility of spermatogonial cell migration from the non-irradiated to the irradiated areas 18 h after 
50% irradiation (Supplementary Fig. 6). As shown in Fig. 5c, this result indicated that the effective TSE expansion 
required the migration of the non-irradiated stem cells via the seminiferous tubules.

Discussion
Our high-precision microbeam analysis demonstrated that the dynamics of the non-irradiated germ cell pop-
ulation via seminiferous tubules would be essential for the effective testes TSE following MRT for preserving 
spermatogenesis. Previous studies of seminiferous tubule repopulation following irradiation indicated that 
spermatogonial stem cells begin colony formation soon after the destruction of differentiated germ cells34. 
Furthermore, male mouse germ cell transplantation was first performed by Ralph Brinster and his colleagues in 
1994 and resulted in donor cell spermatogenesis in the recipient testes, showing that the dynamics of spermatogo-
nial stem cell (SSC) via seminiferous tubules are important for maintaining spermatogenesis35. According to the 
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Figure 5. Chronological GFP expression changes after X-ray half-irradiation. (a) Immunohistochemical 
images of ex vivo testis tissues 1 h after 10 Gy X-ray 50% irradiation using X-ray microbeams. Staining for 
γ-H2AX, Anti-GENA and Hoechst is shown as red, green and blue, respectively. Scale bars, 500 μm. (b) 
Representative images showing Acr-GFP expression in single cultures of testes exposed to 5 Gy 50% irradiated 
X-ray microbeams obtained at 16, 18, 20 and 22 dpp. In the irradiation setting image, the irradiated area is 
shown as a red square. The Acr-GFP expression areas expanded from the non-irradiated to the irradiated areas 
due to the tissue-sparing effect. Scale bars, 500 μm. (c) Schematic representation of the two-step process of the 
tissue-sparing effect in spermatogenesis. First, spermatogonial cells survive in the non-irradiated areas, whereas 
they are eliminated in the irradiated areas after irradiation. The surviving cells then migrate to the irradiated 
area via the seminiferous tubules. Thus, the spermatogonial cells require these two steps, survival and migration, 
for an effective tissue-sparing effect in spermatogenesis.
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series of SSC transplantation studies, the colonization process of stem cells can be divided into three continuous 
phases36; (i) During the initial week, transplanted cells were randomly distributed throughout the tubules, and a 
small number reached the basement membrane, (ii) From 1 week to 1 month, donor cells on the basement mem-
brane divided and formed a monolayer network, and (iii) Beginning at about 1 month and continuing throughout 
the observation period, cells in the center of the network differentiated extensively and established a colony of 
spermatogenesis, which expanded laterally by repeating phase two and then three. These studies supported our 
findings that the TSE following exposure to radiation requires the two steps: survival of spermatogonial cells in 
the non-irradiated areas and migration of these cells via the seminiferous tubules.

Our technical combination of a unique ex vivo testes organ culture and high-precision X-ray microbeams will 
provide novel insights of radiation-induced deterministic and stochastic effects on male reproduction, as well 
as of the transgenerational effects on spermatogonial stem cells. As shown in Fig. 6a, we noticed that there are 
theoretically two different patterns at the microscale level for the cultured testes tissues in which there are sper-
matogonial stem cells after 50% 5 Gy irradiation. These cells can migrate and proliferate in the tissue, and regulate 
the TSE following for spermatogenesis exposure to spatially fractionated radiation. On the one hand, in the left 
pattern, some of the spermatogonial cells survive after irradiation, and an effective TSE occurs for spermatogen-
esis. On the other hand, in the right pattern, all cells are partially or completely irradiated, and according to our 
experimental data, no tissue-sparing response is observed. However, according to the conventional radiation 
dose-volume metric and biological models, these two scenarios cannot be distinguished, because their radiation 
dose-volume histograms, which are plots of cumulative dose-volume frequency distributions commonly used in 
radiotherapy planning37, are identical (i.e., they had the same irradiated volume ratio, 50%, and received the same 
total dose, 2.5 Gy at the whole tissue level) (Fig. 6b). Thus, our findings showed a counterexample, suggesting the 
logical failure of the conventional radiation dose-volume concept at the microscale level.

In conclusion, we showed, for the first time, the TSE in the ex vivo testes model following MRT for male fer-
tility preservation. The survival and potentially migration of the non-irradiated germ cells in the irradiated testes 
are required for the TSE for spermatogenesis, indicating the clinical potential of spatially-fractionated radiother-
apeutic techniques, including MRT, for preserving male fertility in cancer treatment. The technical combination 
of high-precision microbeam analysis and specific ex vivo organ models will be of use in further investigation of 
the radiation-induced acute and late effects on specific physiological functions.

Methods
Animal model. The Acr-GFP transgenic mice were obtained from RIKEN BRC, Tsukuba, Japan, through the 
National BioResource Project of MEXT, Japan. These mice express the marker GFP specific for meiosis, which is 
useful for monitoring the progress of spermatogenesis. All animal experiments conformed to the Guide for the 
Care and Use of Laboratory Animals and were approved by the Institutional Committee of Laboratory Animal 
Experimentation.

Ex vivo testes organ culture. Testes samples were obtained from 7 days postpartum (dpp) Acr-GFP trans-
genic mice, and each sample was cut into 8–10 tissue pieces approximately 1 mm3 in size25. Each tissue piece was 
immediately placed on a 1.5% agarose gel block immersed in 0.5 mL of α-MEM medium containing 10% KSR 
(KnockOut Serum Replacement, Thermo Fisher Scientific K.K, Yokohama, Japan), 1% antibiotic mixture solu-
tion (Antibiotic-Antimycotic, Thermo Fisher Scientific K.K.), and 0.2 mM NaHCO3 in a 12-well culture dish25. 
Samples were cultured in a humidified incubator at 34 °C under an atmosphere of 95% air and 5% CO2

25. This 
unique ex vivo testes organ culture method, developed in 2011 to produce fully functional sperm in vitro24, allows 
clear and easy microscopic monitoring of the process of spermatogenesis for more than 40 days.

As shown in Supplementary Fig. 1, the size and shape of cultured sample before irradiation were examined 
with a 3D laser scanning microscope (VK-X250, KEYENCE, Osaka, Japan) (n = 1). The sample with a disk-like 
shape were approximately 200 μm thickness. The diameter was around 2000–2500 μm.

Live-tissue imaging. The cultured samples were observed by fluorescence microscopy (BZ-X700, 
KEYENCE) with an x4 magnification objective lens to capture GFP-fluorescent and bright-field images. After 
the observation at different time points, samples were returned to the incubator and images acquired on alternate 
days. The exposure times are 1.5 s for the GFP-fluorescent images and 150 ms for the bright-field images.
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Figure 6. Failure of conventional radiological does-volume concept in the ex vivo spermatogenesis. (a) Two 
different 50% micro-slit irradiation patterns of the ex vivo testes tissues. They had the same irradiated area of 
50% and the same total irradiation dose, of 2.5 Gy at the whole tissue level. Green circles and red squares are 
germ cells and irradiated areas, respectively. (b) Dose-volume histograms of the two 50% micro-slit irradiation 
patterns. These two irradiation scenarios cannot be distinguished by their histograms, showing the logical 
failure of conventional radiation dose-volume concept at the microscale level.
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The effects of the phototoxicity of GFP excitation light from fluorescence microscopy on live tissues should 
be considered. With PAS staining, we investigated how the phototoxicity of GFP excitation light affected to the 
observed area. The GFP-fluorescent and bright-field images acquired on alternate days showed almost intact 
spermatogenesis in the cultured samples, indicating that the phototoxicity was negligible.

PAS staining is commonly used to visualize the changes of the developing acrosome during acrosome-genesis 
and can reveal the presence of round or elongating spermatids. Tissues were fixed with Bouin’s fixative (Muto 
Pure Chemicals, Tokyo, Japan) and embedded in paraffin. One section showing the largest cut surface was 
selected for each specimen and stained with PAS-hematoxylin.

Synchrotron-generated X-ray beams. To investigate the TSE following MRT for preserving spermat-
ogenesis, we used a 5.35 keV monochromatic X-ray microbeam irradiator at the Photon Factory synchrotron 
facility of the High Energy Accelerator Research Organisation (KEK) in Japan (Fig. 2a,b)27. The microbeam 
work described in this paper was approved by the Photon Factory Program Advisory Committee (Proposal No. 
2017P001).

The 5.35 keV monochromatic X-rays were guided in vertical direction through a helium path pipe and 
reflected to upper direction by Bragg diffraction of a single Si crystal plane (311). The sample dish was set on 
a pulse motor driven stage. The beam width was variable using a remote-controlled four-dimensional slit. The 
exposure (photon fluence) was determined by measuring the X-ray beam intensity upstream of the slit system 
using a specially designed air-free ionization with parallel-plate-collecting-electrodes 30 mm length with a 40 mm 
space between the electrodes27. A silicon photodiode (AXUV-100, International Radiation Detectors, Torrance, 
CA, USA) was used as a second detector for the intensity measurement at both the incident beam position 
(upstream of the slit) and microscope stage (downstream of the slit). The photodiode current at the sample posi-
tion was then converted to exposure. The value was approximately 7.7 × 10−3 C/kg/s, confirmed by photon flux 
(9.3 × 103 photons/s/100 μm2). The exposure applied to the sample was 0.26 C/kg, which roughly corresponds to 
an absorbed dose of 5 Gy. The composition of soft tissue given by the International Commission on Radiation 
Units and Measurements (ICRU)38 was used for the dose calculation. Based on the beam attenuation along depth 
direction of the sample, the dose at the bottom (approximately 200 μm from the surface) was about 53% of that 
at the sample surface.

Micro-slit irradiation settings. To perform high-precision X-ray microbeam analysis, as shown in Fig. 2c, 
we performed high-precision 200, 50 and 12.5 μm-slit irradiation, where approximately 50% of the sample was 
irradiated (using center-to-center distances of 400, 100 and 25 μm, respectively). The dose profiles were calculated 
with a Monte Carlo particle transport simulation code, PHITS ver. 2.9630 and also confirmed using Gafchromic 
XR-RV3 radiochromic film (Ashland Inc., Covington, KY, USA).

To observe the TSE of MRT for preserving spermatogenesis, as shown in Fig. 2, the cultured samples were 
irradiated at 8 dpp with uniform exposure to 2.5 Gy (n = 3) and 50% micro-slit exposure to 5 Gy, namely 2.5 Gy at 
the whole tissue level, (n = 4) or left nonirradiated (n = 3). Furthermore, to further investigate the TSE for sper-
matogenesis, the cultured samples were irradiated with 50% 200 (n = 3), 50 (n = 4), and 12.5 μm-slit exposure to 
5 Gy (n = 4). A single sample from each mouse testes was randomly assigned to an experimental group. A mini-
mum of 3 tissue samples each from different donor mice were used for each experiment, however, contaminated 
samples were excluded.

Evaluation of GFP expression. The Acr-GFP expressions in the culture tissue show the progression of 
spermatogenesis, and in the unirradiated cultures, the peak expression occurred at around 18–22 dpp. The obser-
vation of GFP expression along the tubules was designated as a sign of spermatogenesis. The expression was 
classified into 6 grades, 0–5, based on the expression area: 0, –20, –40, –60, –80, and –100%, respectively39. The 
central area was omitted from the evaluation because this area in many cases lacked GFP expression due to spa-
tial and nutrient flow restrictions (see Supplementary Fig. 2)24. It is one of the technical limitations of the ex vivo 
testes organ culture method for monitoring the process of spermatogenesis.

Statistical analysis. One-way analysis of variance (ANOVA) was used to assess differences in the GFP 
expression grade. Values with P < 0.05 were considered to indicate a significant difference.

Immuno-histochemical analysis. For immunofluorescence staining, cultured samples (from three donor 
mice) fixed with 4% (w/v%) paraformaldehyde in phosphate-buffered saline (PBS) at 4 °C for 6 h or overnight were 
cryo-embedded in optimal cutting temperature (OCT) compound (Sakura Finetek, Tokyo, Japan) and cut into 
7 μm-thick sections. Sections were washed once with PBS for 5 min and in 0.2% PBT four times for 10 min each. 
Then, sections were blocked with Image-iT FX Signal Enhancer (Thermo Fisher Scientific, Waltham, MA, USA) for 
30 min and incubated overnight at 4 °C with the following first antibodies: Rabbit anti-γ-H2AX antibody (1:1000; 
Abcam, Cambridge, UK), Rat anti-GENA antibody, mouse clone TRA98 (1:1000; BioAcademia, Osaka, Japan), 
Rabbit anti-MVH (1:400; Abcam), Goat anti-GFRα1 antibody (1:200; R&D Systems, Minneapolis, MN, USA), 
Chicken anti-GFP antibody (1:1000; Abcam), and Rat anti-GFP antibody (1:1000; Nacalai tesque, Kyoto, Japan). The 
anti-γ-H2AX was used to detect DNA double strand breaks (DSBs) in the nucleus40. The anti-GENA and anti-MVH 
antibodies were used to detect germ cells41,42. The anti-GFRα1 antibodies were also used to detect spermatogonial stem 
cells (SSCs)43,44. Nuclei were counterstained with Hoechst 33342 (1 μg/ml; bisBenzimide H 33342)45.

After being rinsed four times with PBS containing Triton X-100 (0.2%), the following secondary antibodies 
were used; goat anti-rabbit IgG, goat anti-rat IgG, and donkey anti-goat IgG, conjugated to Alexa Fluor 488, 
Alexa Fluor 555, or Alexa Fluor 647 (1:200; Thermo Fisher Scientific). The immunologically stained samples were 
mounted on slides in ProLong Diamond Antifade Mountant (Thermo Fisher Scientific).
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TUNEL assay. Using TUNEL labelling, apoptotic cells were detected with the In Situ Cell Death Detection 
Kit, TMR red (Roche, Indianapolis, IN, USA)46. After this apoptosis labelling, immunofluorescence staining was 
performed.
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Abstract

Background: Ataxia-telangiectasia (AT) is a rare autosomal recessive disorder that causes deficiency or dysfunction
of the ataxia-telangiectasia mutated (ATM) protein. Not only AT patients, but also certain ATM heterozygous
mutation carriers show a significantly reduced life expectancy due to cancer and ischemic heart disease; in
particular, female carriers having particular alleles have an increased risk of breast cancer. The frequency of such risk
heterozygotes at a population level remains to be fully determined, and evidence-based preventive medical
guidelines have not yet been established.

Methods: Using the 3.5KJPNv2 allele frequency panel of Japanese Multi Omics Reference Panel v201902, which
shows single-nucleotide variant (SNV) and insertion/deletion (INDEL) allele frequencies from 3552 Japanese healthy
individuals, we investigated the diversity of ATM gene variants.

Results: We detected 2845 (2370 SNV and 475 INDEL) variants in the ATM gene, including 1338 (1160 SNV and 178
INDEL) novel variants. Also, we found a stop-gained SNV (NC_000008.11:g.108115650G > A (p.Trp266*)) and a
disruptive-inframe-deletion (NC_000008.11:g. 108181014AAGAAAAGTATGGATGATCAAG/A (p.Ala1945_
Phe1952delinsVal) and two frameshift INDELs (NC_000008.11:g.108119714CAA/C (p.Glu376fs) and NC_000008.11:
g.108203577CTTATA/C (p.Ile2629fs)), which would be novel variants predicted to lead to loss of ATM functionality.

Conclusion: The combination of population-based biobanking and human genomics provided a novel insight of
diversity of ATM gene variants at a population level. For the advancement of precision medicine, such approach will
be useful to predict novel pathogenic/likely pathogenic variants in the ATM gene and to establish preventive
medical guidelines for certain ATM heterozygotes pertaining to their risk of particular diseases.

Keywords: Ataxia-telangiectasia mutated, Population-based biobank, Heterozygotes, Precision medicine, Whole-
genome reference panel

Introduction
Ataxia-telangiectasia (AT) is a rare autosomal recessive
disorder clinically characterized by cerebellar degener-
ation, immune-deficiency, radiation hypersensitivity, and
cancer predisposition. Also, metabolic disorders impli-
cated in cardiovascular and liver diseases are frequently
observed in adolescent AT patients [1]. The worldwide

prevalence of AT is estimated to be between 1 in 40,000
and 1 in 100,000 live births [2].
The ataxia-telangiectasia mutated (ATM) gene was first

reported in 1995 as the causative gene responsible for AT
[3]. Most AT patients lack functional ATM protein due to
missense or non-sense mutations in the ATM gene, which
result in truncated or unstable ATM variants [4]. The
ATM gene is located on chromosome 11q22-q23, span-
ning approximately 150 kb of genomic DNA, and encodes
a protein of 3056 amino acids which is a phosphoinositidyl
3-kinase (PI3K)-family kinase [5]. ATM forms dimers or
oligomers under non-stress conditions, and DNA damage
induces intermolecular autophosphorylation of Ser1981
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that causes dimer dissociation and initiates intracellular
ATM kinase activity [6]. In addition to Ser1981, other au-
tophosphorylation sites, Ser367, Ser1893, and Ser2996 are
physiologically important parts of the DNA damage re-
sponse [7, 8]. Also, ATM phosphorylates several proteins
involved in cell cycle checkpoint control, apoptosis, and
DNA repair, including p53, Chk2, BRCA1, RPAp34,
H2AX, SMC1, FANCD2, Rad17, Artemis, and Nbs1 [9].
Not only AT patients, but also certain ATM heterozy-

gous mutation carriers have a reduced life expectancy.
In 1987, Swift and co-workers reported that for hetero-
zygotes responsible for AT, the relative risk of cancer
was estimated to be 2.3 for men and 3.1 for women [10].
Furthermore, according to a systematic review in 2016,
siblings of AT patients who are heterozygous carriers of
pathogenic ATM gene mutations have a significantly in-
creased risk of cancer and ischemic heart disease (rela-
tive risk (RR) 1.7, 95% confidential interval (CI) 1.2–2.4),
and female heterozygotes having particular alleles have
an increased risk of breast cancer (RRwomen 3.0, 95%
CI 2.1–4.5) [11]; thus, certain ATM heterozygous muta-
tion carriers should be made aware of lifestyle factors
that contribute to the development of such diseases.
However, the accurate frequency of heterozygous car-
riers of pathogenic mutations in the ATM gene at a
population level, to date, remains to be determined, and
evidence-based preventive medical guidelines have not
yet been established [12]. From the point of view of pre-
cision medicine, appropriate approaches are immediately
needed for ATM heterozygotes pertaining to their risk of
particular diseases.

Methods
To address the issue, we used the 3.5KJPNv2 allele fre-
quency panel [13–16], which is a part of Japanese Multi
Omics Reference Panel version 201902 (Feb 2019, https://
jmorp.megabank.tohoku.ac.jp/201902/) released from the
Tohoku University’s Tohoku Medical Megabank
Organization (ToMMo) [17]. This population-based whole-
genome reference panel shows single-nucleotide variant
(SNV) and insertion/deletion (INDEL) allele frequencies
from 3552 Japanese healthy individuals. jMorp was originally
published in 2018, as a multi-omics database of metabolites
and proteins in plasma obtained from volunteers in ToMMo
[17]. From jMorp release 201806 (Jun 2018, https://jmorp.
megabank.tohoku.ac.jp/201806/), genomic variant data
have been added, and the version 201,902 (Feb 2019,
https://jmorp.megabank.tohoku.ac.jp/201902/) is where
allele frequencies of all the genomic variants can be exam-
ined through the web interface.
Although they previously used an original re-sequencing

workflow for the 1KJPN5 [13], 2KJPN, and 3.5KJPNv1, for
building the 3.5KJPNv2, ToMMo decided to use a more
common pipeline including the 1000 Genomes Project

[18] and gnomAD [19] algorithms to reduce technical
biases and to allow comparisons to other populations.
ToMMo customized three steps in the Genome Analysis
Toolkit (GATK) Best Practices workflow, which are widely
used in large-scale sequencing projects and recommend
post-alignment processing before variant calling [20]: (1)
the choice of the reference genome, (2) the use of base
quality score recalibration (BQSR), and (3) the joint geno-
typing step. Although the GATK Best Practices workflow
recommends that the BQSR step be carried out after the
mapping, ToMMo did not do so, but checked concord-
ance among two kinds of genotyping results: (i) genotyp-
ing results obtained after the incorporation of BQSR and
(ii) results obtained without BQSR. Thus, the allele fre-
quency panel, 3.5KJPNv2 of jMorp version 201902, can be
easily used to compare the allele frequencies of different
populations with the web interface.
The 3.5KJPNv2 is available at jMorp website, and the

raw data in Variant Call Format (VCF) format was also
registered at the NBDC Human Database (https://
humandbs.biosciencedbc.jp/en/) with accession code
hum0015.v3 by the National Bioscience Database Center
(NBDC) of the Japan Science and Technology Agency to
ensure accessibility, preservation, and stability of the
3.5KJPNv2 datasets [16]. Individual’s sequence data and
genotyping results from which allele frequency dataset is
constructed and validated are available upon request after
approval of the Ethical Committee and the Materials and
Information Distribution Review Committee of ToMMo.
In the present study, we accessed the raw data of the

3.5KJPNv2 allele frequency panel and investigated the allele
frequencies of ATM gene variations, with the assumption
of the Hardy-Weinberg equilibrium. Also, we investigated
novel variants, which are predicted to lead to loss of ATM
functionality based on their protein structures.

Results and discussion
As shown in Fig. 1a, with the 3.5KJPNv2 allele frequency
panel, we searched for the allele frequencies of ATM
gene variations and found 2845 (2370 SNV and 475
INDEL) variants in the given population, including 1338
(1160 SNV and 178 INDEL) novel variants, which have
not yet been assigned reference single-nucleotide poly-
morphism (SNP) ID numbers [21]. This result demon-
strates that, with the assumption of the Hardy-Weinberg
equilibrium, a large number of healthy individuals have
novel heterozygous variants in the ATM gene, indicating
that the ATM genetic diversity is greater than expected.
We found a novel stop-gained SNV in the ATM gene,

NC_000008.11:g.108115650G >A (p.Trp266*). As shown
in Fig. 1b, this SNV removes all the main identified do-
mains including the nuclear localization signal (NLS; ~aa
385 to 388), the leucine zipper (LZ; ~aa 1216 to 1241), the
FRAP/ATM/TRRAP (FAT; ~aa 1960 to 2566), the kinase
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(PI3-K; ~aa 2712 to 2962), and the FAT c-terminal
(FATC; ~aa 3024 to 3056) domains, which are physiolo-
gically important for the activation and regulation of
ATM kinase activity [9]. Also, this removes autophospho-
rylation sites, Ser367, Ser1893, Ser1981, and Ser2996,
which are significantly related to ATM protein functional-
ity. Taken together, the stop-gained SNV in the ATM
gene is predicted to be a novel loss-of-function variant.
Next, we detected a novel disruptive_inframe_deletion,

NC_000008.11:g.108181014AAGAAAAGTATGGATGAT-
CAAG/A (p.Ala1945_Phe1952delinsVal), and two frameshift
INDELs, NC_000008.11:g.108119714CAA/C (p.Glu376fs)
and NC_000008.11:g.108203577CTTATA/C (p.Ile2629fs).
Because of the dramatic changes of amino acid sequence
and three-dimensional structure, all the INDELs are
predicted to lead to loss of ATM functionality. Even NC_
000008.11:g.108203577CTTATA/C, although maintaining
more than 2500 normal amino acid sequence from the
N-terminal of ATM, removes normal C-terminal PI3-K
domain and autophosphorylation site Ser2996, which are
essential for ATM signaling in human cells.

To our knowledge, there is no previous study relating
to the clinical risk of these four variants. However, ac-
cording to the possible ATM functionality based on
their protein structures, certain ATM heterozygous mu-
tation carriers having these variants are likely to have a
reduced life expectancy. From the point of view of preci-
sion medicine, personalized preventive medical strategies
would be immediately needed.

Conclusion
In this study, we showed the diversity of ATM gene vari-
ants at a population level and found four novel variants
which are predicted to lead to loss of ATM functionality.
Further advancements in the combination of population-
based biobanking and human genomics are expected to
further uncover the genetic basis of AT patients and cer-
tain ATM heterozygotes who have a reduced life expect-
ancy. Also, for the advancement of precision medicine,
such approach will be useful to establish an evidence-
based guideline not only for AT patients but also for risk
ATM heterozygotes seeking preventive medical strategies.

Fig. 1 Novel variants predicted to lead to loss of ATM functionality. a A total of 2845 (2370 SNV and 475 INDEL) variants in the ATM gene has
confirmed, including 1338 (1160 SNV and 178 INDEL) novel variants which have not yet been assigned reference SNP ID numbers. b ATM is a
protein of 3056 amino acids. The phosphorylation sites (P) indicate the positions of serine residues, Ser367, Ser1893, Ser1981, and Ser2996 [6–8].
The NLS (~aa 385 to 388), the LZ (~aa 1216 to 1241), the FAT (~aa 1960 to 2566), the PI3-K (~aa 2712 to 2962), and the FATC ( ~aa 3024 to 3056)
domains are shown in orange, light green, green, blue, and violet respectively [9]. Novel variants predicted to lead to loss of ATM functionality
are indicated using red arrows: (1) stop-gained SNV, NC_000008.11:g.108115650G > A (p.Trp266*), (2) frameshift INDEL,
NC_000008.11:g.108119714CAA/C (p.Glu376fs), (3) disruptive-inframe-deletion INDEL, NC_000008.11:g.108181014AAGAAAAGTATGGATGATCAAG/A
(p.Ala1945_Phe1952delinsVal), (4) frameshift INDEL, NC_000008.11:g.108203577CTTATA/C (p.Ile2629fs)
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