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ABSTRACT

ABSTRACT

Various biologically delayed effects of ionizing radiation, involving radiation-

induced carcinogenesis, are caused by the genetic alternations in radiation surviving cells.

These phenomena are very slow processes with a timescale of hours or days, in other

words “long-term effects”, when compared to the rapid molecular processes triggered by

radiation, such as deoxyribonucleic acid (DNA) damage and its repair with short

timescales of femto- to milli-seconds. Thus, there is a large gap between the prompt

radiation processes and the delayed long-term effects. The progeny of radiation surviving

cells are likely to have a survival rate similar to that of non-irradiated cells because the

progeny cells is expected to completely repair the most lethal type of DNA damage,

double strand breaks (DSBs). However, delayed mutations and cell death have been

observed to be induced after the cells have undergone several cell-divisions. Radiation-

induced irreversible cell-cycle arrested cells (i.e., senescence-like cells) may also cause

the delayed mutations. The existence of these progeny cells in organs could affect the

surrounding normal cells through certain secretions resulting from the specific

metabolism to the progeny cells. Here, the long-term effects of ionizing radiation are

studied with a unique method that discusses the effects from two perspectives: genomic

and metabolic effects.



ABSTRACT

Genomic instability, one of the causes of carcinogenesis, has an impact on the genes

flanking the radiation-induced large deletion, which could be transmitted to the progeny

of radiation-surviving cells over many generations, even though the DNA repair process

has already been completed in the parental cells. Simian virus40 (SV40)-immortalized

normal human fibroblasts (parental cells as the control, GM638) and their three mutant

clones, previously established as cell lines harboring a large deletion site at hypoxanthine-

phosphoribosyltransferase 1 (HPRTI) by exposure to X-rays as typical progeny of

radiation surviving cell lines, were studied. First, real-time quantitative PCR (qPCR) with

31 general STS markers and 15 originally designed primers, was used to reveal the

landscape neighboring the large deletion. The DNA deletions were distributed in the

patchwork pattern in the specific regions between 130-137 mega base (Mb) positions, and

they were partially similar but clearly different among the three mutant clones. The

possible mechanism underlying the induction of the patchwork pattern is that non-DSB-

type clustered DNA damage sites, such as base lesions, single strand breaks (SSBs), or

apurinic/apyrimidinic sites (abasic sites or AP sites), are multiply produced by a single

radiation track that induces ionization or excitation to both chromosomes and water.

These clusters could be converted into subsequent DSBs by glycosylase/AP lyase

activities of base excision repair (BER) proteins.



ABSTRACT

These findings suggest that the patchwork structure of DNA deletions is involved in

the modifying gene expression on X chromosome. Therefore, gene expression regulation

was examined using a DNA microarray and quantitative reverse transcription PCR (RT-

gPCR) method to reveal radiation-induced gene regulation of the entire X chromosome

in the three clones. The evidence showed that the effect on genes in the progeny cells was

not limited to the genes flanking the deleted regions but was spread over the entire X

chromosome. Most of the 12 genes tested showed similar expression trends of up- or

down-regulation; however, some of the genes had different regulation levels among the

mutant clone cells, and, furthermore, some genes showed contradictory expressions. The

observed alterations of gene expression levels possibly due to chromosome

rearrangement, and this would be associated with spatial gene organization, such as

topologically associating domains (TADs). In the domains, two compartments, namely

active A and inactive B compartment corresponding to open chromatin and closed

chromatin, respectively, are thought to be exchanged each other during cell-cycle

progression. This alteration in the domains could be an origin of the contradictory gene

expressions among the progeny cells. They may have radiation-specific gene regulation

that would be different from that of the normal cells. These findings provide a new aspect

of gene expression patterns as “radiation signatures”.



ABSTRACT

The metabolic effect of radiation could be significant in cells with irreversibly

arrested cell cycle. The permanent cellular states are induced by pro-aging stressors,

including exposure to ionizing radiation. These cells were thought to be inactive in terms

of energy metabolism as a consequence of the unnecessary consumption of energy for

cell division. However, the obtained evidence overturns this prevailing orthodoxy. WI-

38 human primary fibroblast cells and BJ-5ta human h-TERT-immortalized fibroblast

cells were exposed to 20 Gy of X rays and cultured for up to 9 days after irradiation to

induce irreversible cell-cycle arrest. Mitochondrial morphology and its membrane

potential were examined in the cells using the mitochondrial-specific fluorescent reagents,

MitoTracker Green (MTG) and 5,5',6,6'-tetracthyl-benzimidazolylcarbocyanine iodide

(JC-1), respectively. The fluorescence of the latter reagent changes specifically depending

on the mitochondrial potential.

The ratio of the mean MTG-stained total mitochondrial area per unit cell area decreased

successively for 9 days after X-ray irradiation. The fraction of high mitochondrial

membrane potential area visualized by JC-1 staining reached its minimum at 2 days after

irradiation, and then increased for up to 9 days (in particular, WI-38 cells increased 1.8-

fold the value of the control). Their chronological changes indicate that the mitochondrial

area in the irreversible cell-cycle arrested cells did not show an increase relative to their

10
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cellular area expansion. Alternatively, they became highly active 2 to 5 days after

irradiation as revealed by JC-1 staining. The evidence suggests that the energy metabolism

in the X-ray-induced irreversible cell-cycle arrested cells is highly activated compared to

non-irradiated normal cells, even though they do not undergo cell division. This indicates

that mitochondria in irreversibly cell-cycle arrested cells contribute to homeostasis by

producing extra ATP for various senescence-specific contexts: senescent cell-specific

heterochromatin structures (senescence-associated heterochromatic foci), activation of

the p53-p21 and pl16-Rb pathways to arrest the cell cycle, avoidance of mitosis and

transition to the G1 phase, or the senescence-associated secretory phenotype (SASP).

Their highly metabolic products can have an impact on the surrounding normal cells.

These findings serve as a window into the understanding of the role of long-lived

irradiated cells in normal organs.

In conclusion, studies of genomic and metabolic effects as cellular responses to

ionizing radiation are essential to elucidate the mechanism of long-term effects of

radiation in organs or the whole body. The processes of the progeny or long-lived cells

are significantly involved in the secondary carcinogenesis induced by radiotherapy. The

present study may also provide a step forward in accurately assessing the long-term health

11



ABSTRACT

effects of atomic bomb survivors or residents near the Fukushima Daiichi nuclear power

plant who may be faced with anxiety of radiation exposure resulting from the accident.

12
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CHAPTER 1:

Figure 1-1

CHAPTER 2:

Figure 2-1

Figure 2-2

Introduction

Timescale of the action of ionizing radiation in mammalian
cells.

Various events in mammalian cells occur over a wide range of
timescale. Direct and indirect effects of ionizing radiation can cause

cell damage and resulting carcinogenesis.

Genomic effects

Microscopic images of GM638, 3X-40, 3X-41, and 3X-45 cells
on a dish.

The parental cells, GM638, and its clones of the progeny of
radiation surviving cells, 3X-40, 3X-41, and 3X-45 are shown in

the phase contrast microscopic images.

HPRT I mutation assay procedure.

Cells were exposed to 3 Gy of X rays and then 60 uM of 6-TG was
added to obtain 6-TG-resistant clones. After two weeks of
incubation, the colony-formed progeny of radiation surviving cells
were randomly selected and named as 3X-40, 3X-41, or 3X-45

(performed by Nagasaki University).
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Table 2-1

Figure 2-3

Figure 2-4

Figure 2-5

Locations and sequences of the STS primers and newly

designed primers used for qPCR analysis.

Photographs of the sample being inserted into the real-time
PCR system.
Samples were loaded into a 96-well plate and inserted into the Eco

Real-Time PCR System, Illumina.

Thermal cycling profile for PCR analysis.

The PCR reaction mixture was initially heated at 50 °C for 5 s,
followed by initial denaturation at 95 °C for 20 s. The PCR cycling
consisted of denaturation at 95 °C for 3 s and annealing/extension
at 60 °C for 30 s. The number of amplification cycles was set to be
50. The melting curve was then analyzed according to the following

protocol: 95 °C for 15 s, 60 °C for 30 s, and 95 °C for 15 s.

Agarose gel electrophoresis image of qPCR products.

One of the typical agarose gel electrophoresis images used to
validate qPCR products is shown. Unexpected bands were
visualized with the product of a DXS7822 primer pair against 3X-
40, 3X-41, and 3X-45 clones. These STS primers were not used in

further experiments.
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Table 2-2

Figure 2-6

Locations and sequences of primers used for RT-qPCR

analysis.

Thermal cycling profile for RT-qPCR analysis.

The PCR reaction mixture was initially heated at 50 °C for 2 min,
followed by initial denaturation at 95 °C for 30 s. The PCR cycling
consisted of denaturation at 95°C for 15 s and annealing/extension
at 60 °C for 30 s. The number of amplification cycles was set to be

35. The melting curve was then analyzed according to the following

protocol: 95 °C for 15 s, 60 °C for 15 s, and 95 °C for 15 s.
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Figure 2-7

Table 2-3

Positive and negative results of qPCR analysis.

One of the positive and negative results of amplification and
melting curves are shown. Left: The horizontal axes represent the
number of PCR cycles, and the vertical axes represent the
fluorescence intensity. Right: The horizontal axes represent the
temperature, and the vertical axes represent -AF/AT (fluorescence
change/temperature change). The samples were divided into three
wells of a 96-well plate, and the results are represented by three
lines.

(A) Positive results obtained with the DXS7888 primer against
3X-40 clones are shown. Left: The mean value of Ct was 19.69.
Right: A single peak was observed by melting curve analysis.

(B) The negative results obtained with the DXS7888 primer
against 3X-41 clones are shown. Left: The mean value of Ct was
35.89. Right: The observed multiple peaks of the melting curves

were not consistent among the three observations.

MARAS expression level in 3X-40 cells, calculated by the AACT

method.
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Figure 2-8

DNA deletion in a patchwork pattern.

Results of qPCR using 21 STS primers and 15 newly designed
primer pairs (named as Designated 1-15) against clones. Clone
GM638 is the control (parent cells). Clones 3X-40, 3X-41, and 3X-
45 are the progeny of radiation surviving cells with large DNA
deletions. X0-1 and X0-2 are spontaneous mutant clones. 3X-2 and
3X-21 are 3 Gy X-ray induced point mutant clones. The entire
HPRTI exon is present in all cell types. The genomic region located
on the X chromosome from 130 to 137 Mb was examined. Positive
and negative PCR results are shown as blue and red dots,
respectively. The HPRTI locus is shown as an orange box. The
enlarged figures of region 1 and region 2 are shown at the bottom

of the main figure.

20



LIST OF FIGURES AND TABLES

Figure 2-9

Figure 2-10

Microarray analysis of gene regulation on the X chromosome
in 3X-40 cells.

Microarray results are presented as fold change of gene expression
levels on the X chromosome in 3X-40 cells relative to the control,
GM638 cells. The horizontal axes represent the genomic
coordinates using the human genome sequence (GRCh37), and the
vertical axes represent the fold change in gene expression level on
a log scale. The blue circles represent genes that show a 2-fold or
greater increase in expression level (up-regulated) compared to the
control, while the red circles indicate genes that show a 1/2-fold or
less decrease in expression level (down-regulated) compared to the
control. The gray circles indicate genes with no significant
difference from the control. The HPRTI locus is shown as a green

circle.

The number of regulated genes of the X chromosome in 3X-40

cells determined by microarray analysis.

The horizontal axis represents the X chromosome bands arranged
in order of gene location from upstream (left) to downstream
(right), and the vertical axis represents the number of regulated
genes. A minus sign (-) is given to the number of down-regulated
genes. The blue and orange lines are drawn by connecting the points
plotted by the number of up- and down- regulated genes,

respectively.
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Figure 2-11

Figure 2-12

RT-qPCR analysis for the twelve genes selected from the

microarray analysis.

One gene per peak in Figure 2-10 was randomly selected for RT-
qPCR analysis. All data were normalized to the reference gene,
ACTRB (actin beta), and expressed as relative to the control, GM638
cells. Gene symbols (locations and sequences of primers are shown
in Table 2-2) on the horizontal axis are arranged in the order of gene
location from upstream (left) to downstream (right) of the X
chromosome. The fold change of gene expression levels, calculated
by the AACt method, are shown on the vertical axis on a log scale.
Orange, yellow, and green boxes indicate gene expression in 3X-
40, 3X-41, and 3X-45 cells, respectively. Not applicable (N/A) data

are shown as blank.

Spatially-dependent X-ray energy deposition in the cellular
nucleus.

Chromatin located in the nuclear membrane is protected from the
energy transfer caused by X-rays due to its energy interaction with
the nuclear membrane (area in the blue dotted circle). Conversely,
chromatin in the nucleoplasm has a high probability of being
attacked by radicals, leading to the formation of basic lesions,

SSBs, or AP sites (area in the red dotted circle).
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CHAPTER 3:

Figure 3-1

Figure 3-2

Figure 3-3

Metabolic effects
Microscopic images of WI-38 and BJ-5ta cells on a dish.
Primary WI-38 cells and hTERT-immortalized BJ-5ta cells are

shown in the phase contrast microscopic images.

Photographs of the sample set in the fluorescence microscope.
The cell sample in a 35 mm dish was placed in the BZ-710X

fluorescence microscope.

Effect of 20 Gy X-ray dose on WI-38 and BJ-5ta cell
proliferation.

The number of non-irradiated and 20 Gy X-irradiated cells (seeded
at 2.0 x 10° cells/well) was counted over a period of 9 days for WI-
38 cells and 15 days for BJ-5ta cells. All values were normalized to
the number of cells at day 0, and the error bars represent the
standard deviation (SD) (n = 3). The symbol * indicates the p-value
of the Student’s t-test compared to the non-irradiated and irradiated

samples, respectively; *** p < 0.001.
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Figure 3-4

Figure 3-5

Representative microscopic images of EdU- and DAPI-stained
non-irradiated (control) and irradiated WI-38 and BJ-5ta cells.
Non-irradiated (control) and 20 Gy X-irradiated WI-38 and BJ-5ta
cells were stained with EAU and DAPI and then observed under a
fluorescence microscope at 20x magnification. Images of the
irradiated cells were taken at 2, 5, and 9 days after irradiation. EAU
(green) was added for 2 h before analysis. Cells were
counterstained with DAPI (blue). The scale bar is 50 um for all

images.

Percentage of EAU-positive cells in non-irradiated (control) and
irradiated WI-38 and BJ-5ta cells.

The percentages of EdU-positive non-irradiated (control) and 20
Gy X-irradiated WI-38 and BJ-5ta cells were obtained from EdU
staining and DAPI counterstaining. Data from the irradiated cells
were obtained at 2, 5, and 9 days after irradiation. EdU-positive
cells were divided by the total number of cells in each microscopic
field, and the fraction was multiplied by 100. Approximately 200
cells were counted in each field. The error bars represent the
standard deviation (SD) (n = 3). Statistical analysis was performed
using Student’s t-test. The symbol * indicates the p-value of the t-
test compared with the control and irradiated samples, respectively;

% < 0.001, ** p < 0.01.
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Figure 3-6

Figure 3-7

Representative microscopic images of SA-f$-gal-stained non-
irradiated (control) and irradiated WI-38 and BJ-5ta cells.

Non-irradiated (control) and 20 Gy X-irradiated WI-38 and BJ-5ta
cells were stained with SA-B-gal and then observed under a
fluorescence microscope at 20x magnification. Images of the
irradiated cells were taken at 2, 5, and 9 days after irradiation. The
blue color indicates the detection of SA-B-gal. the scale bar is 50

pum for all images.

Percentage of SA-B-gal-positive cells in non-irradiated (control)
and irradiated WI-38 and BJ-5ta cells.

The percentages of the SA-B-gal-positive non-irradiated (control)
and 20 Gy X-irradiated WI-38 and BJ-5ta cells were obtained from
SA-B-gal staining. Data from the irradiated cells were obtained at
2, 5, and 9 days after irradiation. SA-B-gal-positive cells were
divided by the total number of cells in each microscopic field, and
the fraction was multiplied by 100. Approximately 70 cells were
counted in each field. The error bars represent the standard
deviation (SD) (n = 3). Statistical analysis was performed using
Student’s t-test. The symbol * indicates the p-value of the t-test
compared with the control and irradiated samples, respectively; ***

p< 0.001.
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Figure 3-8

Figure 3-9

Representative  microscopic images of MTG-stained
mitochondria from non-irradiated (control) and irradiated WI-
38 and BJ-5ta cells.

Non-irradiated (control) and 20 Gy X-irradiated WI-38 and BJ-5ta
cells were stained with MTG and then observed under a
fluorescence microscope at 60x magnification. Images of the
irradiated cells were taken at 2, 5, and 9 days after irradiation. The

scale bar is 50 um for all images.

Mean mitochondrial area in non-irradiated (control) and
irradiated WI-38 and BJ-5ta cells.

The mean total mitochondrial area in non-irradiated (control) and
20 Gy X-irradiated WI-38 and BJ-5ta cells were obtained from
MTG staining. Data from the irradiated cells were obtained at 2, 5,
and 9 days after irradiation. The error bars represent the standard
deviation (SD) (n = 90). Statistical analysis was performed using
Student’s t-test. The symbol * indicates the p-value of the t-test
compared with the control and irradiated samples, respectively; ***

p< 0.001.
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Figure 3-10

Mean cell area in non-irradiated (control) and irradiated WI-
38 and BJ-5ta cells.

The mean total cell area of non-irradiated (control) and 20 Gy X-
irradiated WI-38 and BJ-5ta cells were obtained from phase
contrast images. Data from the irradiated cells were obtained at 2,
5, and 9 days after irradiation. The error bars represent the standard
deviation (SD) (n = 90). Statistical analysis was performed using
Student’s t-test. The symbol * indicates the p-value of the t-test
compared with the control and irradiated samples, respectively; ***

p< 0.001.
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Table 3-1

Figure 3-11

Figure 3-12

Geometry of the mitochondrial and cellular areas in non-
irradiated (control) and irradiated WI-38 and BJ-5ta cells.
The total mitochondrial area was obtained by MTG staining. The

cell area was obtained from phase contrast images.

Normalized ATP amount of non-irradiated (control) and

irradiated WI-38 and BJ-5ta cells.

ATP amount in non-irradiated (control) and 20 Gy X-irradiated WI-
38 and BJ-5ta cells were estimated by the luciferin-luciferase
method. Data from the irradiated cells were obtained at 2, 5, and 9
days after irradiation, and all values were normalized to the control
cells. The error bars represent the standard deviation (SD) (n = 3).
Statistical analysis was performed using Student’s t-test. The
symbol * indicates the p-value of the t-test compared with the

control and irradiated samples, respectively; *** p <0.001.

Representative images of the low and high AYm regions with
JC-1 staining of non-irradiated (control) and 20 Gy X-
irradiated WI-38 and BJ-5ta cells.

Non-irradiated (control) and 20 Gy X-irradiated WI-38 and BJ-5ta
cells were stained with JC-1 and then observed under a fluorescence
microscope at 60x magnification. Images of irradiated cells were
taken at 2, 5, and 9 days after irradiation. The scale bar is 50 um for

all images.
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Figure 3-13

Normalized fraction of the high A¥Ym area defined as the ratio
of the red areas to the sum of the red and green areas in non-
irradiated (control) and irradiated WI-38 and BJ-5ta cells.

The red/red+green fluorescence ratios of JC-1 in non-irradiated
(control) and 20 Gy X-irradiated WI-38 and BJ-5ta cells are shown.
Data from the irradiated cells were obtained at 2, 5, and 9 days after
irradiation, and all values were normalized to the control cells. The
error bars represent the standard deviation (SD) (n = 90). Statistical
analysis was performed using Student’s t-test. The symbol *
indicates the p-value of the t-test compared with the control and

irradiated samples, respectively; *** p <0.001, ** p <0.01.
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CHAPTER 4:

Figure 4-1

Conclusion and future perspective

Summary of studies on long-term effects on genes and
metabolism.

The double-lined boxes indicate new findings from this study. The
study of the long-term effect of genes showed that even in the
progeny of radiation surviving cells that are capable of cell division,
there are DNA deletions in a patchwork pattern. Such deletions
have the potential to induce chromosomal changes and shifts in
altering gene expression. The study of the long-term effect on
metabolism revealed an increase in both mitochondrial area and
ATP levels, as well as mitochondrial activation in irreversible cell-
cycle arrested cells. This suggests that ROS or SASP from
irreversible cell-cycle arrested cells may damage normal
surrounding cells and play a role in the development of delayed
mutation. These cellular responses to radiation exposure may result

in an increased carcinogenic potential.
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ABBREVIATIONS

CHAPTER 1: Introduction

6-TG
DNA

DSB
HPRTI
OH radical
PGC-1
PGC-1a
PGC-1
SASP

6-thioguanine

deoxyribonucleic acid

double strand break
hypoxanthine-phosphoribosyltransferase 1

hydroxyl radical

peroxisome proliferators-activated receptor-y co-activator-1
peroxisome proliferators-activated receptor-y co-activator-1la
peroxisome proliferators-activated receptor-y co-activator-1f3

senescence-associated secretory phenotype
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AP site
BER
CNV

Ct

CTCF
D-MEM
D-PBS
EDTA
Hi-C
IDH
LTag

Mb

N/A
NHEJ
PDGFRA
qPCR
RT-gPCR
SSB

apurinic/apyrimidinic site

base excision repair

copy number variations

cycle threshold

CCCTC-binding factor

Dulbecco’s modified Eagle’s medium
Dulbecco's phosphate buffered saline
ethylenediaminetetraacetic acid
high-throughput chromosome capture
isocitrate dehydrogenase

large T antigen

mega base

not applicable

non-homologous end joining
platelet-derived growth factor receptor alpha
quantitative polymerase chain reaction
reverse transcription-quantitative polymerase chain reaction

single strand break
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STS sequence-tagged site
SV40 simian virus40
TAD topologically associating domains
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AMP adenosine triphosphate

CDK2 cyclin-dependent kinase 2

CDK4/6 cyclin-dependent kinases 4 and 6

DAPI 4',6-diamidino-2-phenylindole (DAPI)

EdU 5-ethynyl-2'-deoxyuridine

Gl gap 1

hTERT human telomerase reverse transcriptase

JC-1 5,5',6,6'-tetraethyl-benzimidazolylcarbocyanine iodide
MTG mitotracker green

NAD nicotinamide adenine dinucleotide

NADH nicotinamide adenine dinucleotide and hydrogen
ROS reactive oxygen species

SAHF senescence-associated heterochromatic foci
SA-B-gal senescence-associated beta-galactosidase

A¥Ym mitochondrial membrane potential
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LNT linear, non-threshold
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CHAPTER 1: Introduction

1.1 Overview of this research

Genetic changes in cells exposed to radiation are the underlying cause of a wide
variety of biological effects of ionizing radiation, including radiation-induced
carcinogenesis [1]. In contrast to rapid molecular processes that occur within
femtoseconds to milliseconds, such as DNA damage or DNA repair process, these
biological effects develop over a relatively slow time scale of hours to days, referred to
as long-term effects. These two-time scales are distinctly different; therefore, the earlier
short-term molecular processes may not be predictive of the eventual long-term biological
effects.

It is generally assumed that radiation-surviving cells are those that have repaired the
lethal damage, such as DSBs, and have progressed through the cell cycles as seen in non-
irradiated cells. However, delayed mutations and cell death have often been observed
after multiple cell divisions of irradiated cells [2]. Delayed radiation effects may also be
caused by irreversible cell-cycle arrest due to radiation exposure (i.e., senescence-like
cells) [3]. Their specific secretions could have adverse effects on surrounding normal
cells. In this study, the long-term effects of radiation on human cultured cells were

investigated using a novel approach that examines two different perspectives, the
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genomic effects in cells in the cell cycle and the metabolic effects in irreversible cell-

cycle arrested cells.
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1.2 Actions of ionizing radiation in the cell

The timescale of individual cell events along one single particle track of ionizing
radiation leading to biological effects is less than one second as shown in Figure 1-1.
Although DNA makes up only 0.05% of the weight of the cell, it is the primary target of
ionizing radiation, causing a variety of biological effects [4]. The radiolysis of water
should also be focused on as a major factor in causing DNA damage, since a cell
comprises approximately 70% of water. When high energy (> keV) photons or particles
pass through a cell, energy is absorbed by atoms near the track and ionization or excitation
occurs. The direct damage of radiation to DNA is due to this process, which develops in
a time period of picoseconds [5]. In the direct effect, the radiation interacts directly with
the DNA molecules by ionizing or exciting the atoms in the DNA molecule or other
cellular component. These chemically active species could diffuse and react with DNA
or biologically important molecules, which is called the chemical phase. The indirect
effects are caused by these radicals, such as hydroxyl radical (OH radical) generally
formed from water molecules, resulting in DNA damage on the timescale of picoseconds
to milliseconds [6,7]. The induced DNA damage response leads to biological phases such
as DNA repair. Failure of repair can lead to the cell death, which is executed by apoptosis,

necrosis, mitotic catastrophe, or autophagy [8]. If DNA damage is not perfectly repaired
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and replication occurs, the genetic mutation may persist in the progeny of radiation-

surviving cells and accumulate genomic alterations [9]. These biomolecular events

typically occur on a time scale of minutes to hours. Mutated DNA damage can be

inherited through generations of radiation-surviving cells, leading to genomic instability.

This can lead to radiation-induced carcinogenesis, which can be observed even decades

after exposure [10]. In contrast, when radiation-exposed cells undergo irreversible cell-

cycle arrest, they profound phenotypic changes occur and secrete high levels of

inflammatory factors that may later manifest as biological effects [11].
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Time
Direct effect Indirect effect
Physical itzage Energy absorption Energy absorption of DNA
~ 1012 sec of DNA molecules surrounding molecules
Intermolecular
energy transfer A

Free radical

/ formation
Chemical stage v 0,

10-12 sec ~ 1 sec DNA damage v
Super oxides
Peroxides
Biological stage DNA repair process
A few sec ~ 1 day failure

N\

Cell death || Mutation |

v \4 v

~ days C i< instabilit Irreversible cell-
enomic instabpuity
(Delayed mutations) cycle arrest

(progeria)
— Chapter 2: — Chapter 3:
Genomic effects Metabolic effects
v
~ years Carcinogenic process

Figure 1-1. Timescale of the action of ionizing radiation in mammalian cells.
Various events in mammalian cells occur over a wide range of timescale. Direct and indirect

effects of ionizing radiation can cause cell damage and resulting carcinogenesis.
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1.3  Radiation-induced long-term biological effects

1.3.1 Genomic effects

Since radiation surviving cells are those that have been able to repair DSB, a lethal
damage induced by radiation, all of their progeny cells are expected to have the same rate
of survival as non-irradiated cells. However, when primary colonies of radiation
surviving cells were collected and evaluated by secondary colony formation, a dose-
dependent decrease in survival rate was observed [12,13]. These findings confirm that
radiation exposure induces delayed cell death in the progeny of radiation surviving cells.
Furthermore, it was reported that chromosome gaps and breaks were highly frequent in
the progeny of radiation surviving cells. Dicentric chromosomes, which have two
kinetochores on the same chromosome, were also observed as a delayed chromosomal
aberration. Since these chromosomal aberrations are not thought to be inherited through
cell division, it was concluded that these chromosomal aberrations were newly generated
after multiple cell divisions after radiation exposure [14]. When mutations in the HPRT1
gene were examined in cells derived from secondary colonies using 6-thioguanine (6-TG)
resistance as an indicator, an increase in mutation frequency was observed in the progeny
of radiation surviving cells, confirming delayed mutagenesis [15]. These delayed

mutations are referred to as non-targeted or untargeted mutagenesis as they are not
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directly related to irradiation [16]. This is caused by genomic instability which is a

defining characteristic of the majority of cancer cells. It increases tendency of genome

mutation during cell divisions. The induction of genetic instability by radiation has been

observed across a wide range of animal species, from yeast to mammalian cells, making

it a universally occurring phenomenon [17].
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1.3.2 Metabolic effects

Irreversible cell-cycle arrest is a permanent arrested state of cell division that is

induced by pro-aging stress, including radiation-induced DNA damage. In 1956, Haff and

Swim reported that normal mammalian somatic cells undergo an irreversible cell-cycle

arrest after a certain number of cell divisions [18]. This report received little attention at

first, but five years later Hayflick and Moorhead reported similar results using mouse

somatic cells (fibroblasts), and this phenomenon was named as cellular senescence [19].

Sashin et al. demonstrated a correlation between the aging process in nuclear and aging

process of mitochondria [20]. The mitochondria are often referred to as the powerhouse

of the cell, as they are responsible for generating the cellular energy. Previous studies

have shown that mice genetically engineered to progressively lose telomere function

exhibit a number of defects attributed to cell senescence. This may result from reduced

activity of peroxisome proliferators-activated receptor-y co-activator-la (PGC-1a) and

peroxisome proliferators-activated receptor-y co-activator-1f (PGC-1p), key factors

regulating mitochondrial function. Activation of p53 as a result of telomere dysfunction

plays a role in the inactivation of the mitochondrial peroxisome proliferators-activated

receptor-y co-activator-1 (PGC-1) proteins. Sahin et al. discovered that the activation of
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p53 directly suppresses the gene expression of the PGC-1 in mice with aberrant telomere

function.

Recent studies have shown that cells undergoing irreversible cell-cycle arrest secrete

a variety of bioactive substances, such as inflammatory cytokines, chemokines,

extracellular matrix degrading enzymes, growth factors, and membrane vesicles

(exosomes). This phenomenon is termed SASP [21], and these secretions lead to the high

energy demand and mitochondrial hyperactivity. These findings suggest the potential for

ionizing radiation to affect cell metabolism in the long term.
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2.1 Introduction

Genomic instability, transmitted over many generations, is thought to be involved in

the carcinogenic process in radiation-surviving mammalian cells [1-3]. DSBs, known as

a major source of incorrect DNA repair, cause gross chromosome rearrangements

resulting in structural destabilization. In particular, a large deletion (> 0.5Mb) can

potentially induce genomic instability [4] and exert delayed effects including mutagenesis,

lethal mutation, or reproductive death. Induced genomic instability persists for over many

generations and elicit oncogenic effects [5]. More than 90% of radiation-surviving cells

keep possessing mutations in their genomic DNA through 12 or more cell divisions [6].

This indicates that the initial DNA damage is transmitted through the progeny of

surviving cells as “radiation signature” [7], resulting in delayed effects. The signature

could activate DNA damage checkpoints in the progeny cells and lead to delayed

reactivation of p53, which exhibit various phenotypes [8].

Genomic instability is generated by the spatial gene organization of topologically

associating domains (TADs) [9]. The DNA mutations alter the boundaries of TADs and

lead to oncogene expression, which is normally regulated by the CCCTC-binding factor

(CTCF) [10]. Indeed, human isocitrate dehydrogenase (IDH) mutant gliomas establish

hypermethylation at cohesion and CTCF-biding sites, which cause inactivation of TAD
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boundaries and activation of a cancer driver, platelet-derived growth factor receptor

alpha (PDGFRA) [11]. Many studies have reported possible causes and effects of

genomic instability in terms of DNA repair, cell-cycle regulation, or apoptosis [12-14].

However, little is known about the regulation of gene expression caused by genomic

instability, which tends to compound in cancer cells [15].

To characterize the genomic hallmark of the progeny of irradiated cells, 6-TG

resistant clones harboring a deletion of the HPRT locus were isolated to determine DNA

deletion sites near the HPRTI locus using real-time qPCR analysis with 31 general

sequence-tagged site (STS) markers and 15 originally designed primers. Heterogeneous

gene expression of the entire X chromosome in the progeny of radiation-surviving cells

was also analyzed by both DNA microarray and real-time RT-qPCR methods. The aim

of this work is to reveal the involvement of initiation and perpetuation of genomic

instability in radiation carcinogenesis process.
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2.2 Materials and methods

2.2.1 Cell lines and culture conditions

GM638, SV40 large T antigen (LTag)-immortalized normal human fibroblast cells,

are used as parental cells as the control. GM 638 was derived from the skin of three-

month-old male. The cells were obtained directly from the laboratory of Prof. Keiji

Suzuki’s at Nagasaki University (Nagasaki, Japan). GM638 and the progeny of radiation

surviving cells (3X-40, 3X-41, 3X-45) were cultured (Figure 2-1) in high-glucose

Dulbecco’s modified Eagle’s medium (D-MEM) (Fujifilm Wako Pure Chemical

Industries, Osaka, Japan) supplemented with L-glutamine, phenol red, sodium pyruvate,

10% fetal bovine serum (Thermo Fisher Scientific, Tokyo, Japan), and Antibiotic-

Antimycotic (Gibco by Life Technologies, Tokyo, Japan) at 37°C in a humidified

atmosphere with 95% air and 5% CO,. After observing the cells with an inverted

microscope to confirm the degree of confluence, the cells were subcultured by the

following steps: 1. Remove the complete medium. 2. Rinse cells with Dulbecco's

phosphate buffered saline (D-PBS) (-) (Fujifilm Wako, Osaka, Japan). 3. Treat with

0.05% trypsin-ethylenediaminetetraacetic acid (EDTA) (1 X ) until cells detach

(approximately 3 min) . 4. Add fresh complete medium.

46



CHAPTER 2: Genomic effects

The radiation surviving cells with a deletion at the HPRTI locus were selected as 6-

TG-resistant clones. When cells are exposed to 6-TG, which is known to be a toxic purine

analog, normal cells incorporate 6-TG through the HPRT1 gene leading to cell death,

while cells with mutation or deletion at the HPRTI locus do not uptake 6-TG and survive.

Cells were cultured in Dulbecco’s modified Eagle’s medium containing 60 uM of 6-TG,

for two weeks for colony growth (Figure 2-2). These HPRTI mutation assay was

performed by Nagasaki University.
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Figure 2-1. Microscopic images of GM638, 3X-40, 3X-41, and 3X-45 cells on a dish.

The parental cells, GM638, and its clones of the progeny of radiation surviving cells, 3X-40, 3X-

41, and 3X-45 are shown in the phase contrast microscopic images.
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—_— =P e —p
Irradiate 3 Gy 6-TG =l 3X-45

X rays treatment
Selection of cells with mutation in

HPRTI gene by colony picking method

Figure 2-2. HPRTI mutation assay procedure.

Cells were exposed to 3 Gy of X rays and then 60 uM of 6-TG was added to obtain 6-TG-resistant
clones. After two weeks of incubation, the colony-formed progeny of radiation surviving cells
were randomly selected and named as 3X-40, 3X-41, or 3X-45 (performed by Nagasaki

University).
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2.2.2 DNA microarray

One-color microarray was used to compare gene expression between GM638 and 3X-

40 cells. For target preparation, total RNAs were extracted from cells using QIAGEN

RNeasy mini kit (Hilden, German). Fluorescently labelled cRNA was generated and

amplified using Low Input Quick Amp Labeling Kit (Agilent, California, USA). After

hybridization using the Gene Expression Hybridization Kit (Agilent, California, USA)

and washing using the Gene Expression Wash Pack (Agilent, California, USA), the

microarrays were scanned with the Agilent DNA Microarray Scanner. Agilent Feature

Extraction software (ver.12.1.11) (Agilent, California, USA) was used to quantify the

scan results. The raw data were normalized using the GeneSpring software (ver.14.9.1)

(Agilent, California, USA) processed by the 75th percentile shift method. (DNA Chip

Research, Tokyo, Japan)

223 qPCR

The qPCR method was used to analyze a DNA deletion pattern. Genomic DNA was

isolated from each of the clones using the MonoFas DNA Cultured Cells Extraction Kit

VI with Proteinase K (GL Science Inc. Tokyo, Japan). A 10 pL aliquot of the DNA

solution was then used as a template for qPCR. This DNA solution was combined with a
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0.8 puL solution containing either an STS marker or a designed primer pair (Table 2-1),

along with 25 pl. LuminoCt SYBR Green qPCR ReadyMix (Sigma-Aldrich LLC, St.

Louis, MO) and 14.2 uL sterilized water to make a final volume of 50 pL. The volume of

16 pL was then added to three wells of the Eco Real-Time PCR System plate (Illumina,

San Diego, CA). Finally, the plate was securely sealed with a sealing film (Figure 2-3).

The PCR was performed using the following cycling protocol: the reaction mixture

was initially heated to 50 °C for 5 s to prime for denaturation (95 °C for 20 s), followed

by 50 cycles of denaturation (95 °C for 3 s) and annealing/extension (60 °C, 30 s).

Fluorescence intensity was monitored and recorded throughout the cycle using the Eco

real-time PCR system software. Amplified gene products were confirmed and validated

by melting measurement data collection, which involved increasing the temperature to 95

°C for 15 s, 60 °C for 30 s, and then 95 °C for 15 s (Figure 2-4).

51



CHAPTER 2: Genomic effects

Table 2-1. Locations and sequences of the STS primers and newly designed primers used

for qPCR analysis.
F: Forward sequence 5° — 3¢
Primer Forward 5> Forward 3> Reverse 5’ Reverse 3’ R: Reverse sequence 5° — 3’
DXS7836 130,269,354 130,269,377 130,269,323 130,269,301 F: CATCCATGTTTTTTACGATTCCTT
R: GTCTCTCTGTTCGTTTTGGTATA
DXS8293 130,372,330 130,372,348 130,372,247 130,372,227 F: GGGGACTTCTGATATTTGA
R: CAGTAAGGTTCTCCCTTGCTC
WI-13677 130,373,321 130,373,345 130,373,217 130,373,196 F: GTCTGGAGCCAAGAGTAATTTCATA
R: TTACAGTGGGTAGTCATAGGTA
UniSTS:490481 130,385,518 130,385,537 130,384,364 130,384,345 F: CGTCTCCTCGACACCCAAGT
R: TCCCCCTACTCTCGTGAACG
DXS7839 131,562,641 131,562,664 131,562,481 131,562,463 F: CTCTAACTCCTATATCGTTTATGA
R: CCCTCCAACCTGAAATGAA
DXS7822 131,797,578 131,797,597 131,797,653 131,797,630 F: CCTAAGGAGCCTAACTCATC
R: CCTCTAACCTTCCCTTCAAATATC
Designed primerl 131,900,775 131,900,796 131,900,863 131,900,842 F: TCACACCAAAGTCAAAGGCTGT
R: TGATCTGACAAGCGATCTCCAT
DXS1298 131,900,812 131,900,830 131,900,757 131,900,739 F: CATAAACATATCGGTCACT
R: CATTATCACCCTAATCTTA
Designed primer2 131,903,596 131,903,619 131,903,693 131,903,670 F: CTAAATTTTGGCTAATGTTCTGCT
R: AAATGTAACCTATTTGCCATGTTT
Designed primer3 131,906,573 131,906,594 131,906,667 131,906,646 F: AGGGCGATGAATGTTTATGGAG
R: CTGCTGAGCTGGATGTAGCAAT
Designed primer4 131,908,912 131,908,937 131,909,017 131,908,992 F: CGTAACAGTATTAGAGAGCCAATTTC
R: TGATGGAAACAATAGTATCTTTGAGC
Designed primer5 131,911,310 131,911,331 131,911,399 131,911,378 F: ATCACCCTGGATCACCCTAATC
R: CATACACCGAAAGATGGCTCAC
Designed primer6 131,912,124 131,912,145 131,912,222 131,912,201 F: TCAACTCATTTGGTTTGGTTGG
R: CATCACTATAGCCAGGGAGTGC
Designed primer7 131,915,734 131,915,755 131,915,829 131,915,808 F: CTGTTACTCCACCCATTTGCTG

=~

: GTTACTTGCTTTTGCCCAATGA
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Designed primer8

Designed primer9

Designed primer10

Designed primerl1

Designed primer12

Designed primer13

Designed primer14

Designed primer15

AL023941

AL023940

AL023953

AL035152

WI-11835

DXS6808

DXS7405

DXS7457

131,916,386

131,917,644

131,919,079

131,923,303

131,929,536

131,931,891

131,934,041

131,934,798

131,935,200

131,937,574

131,938,395

132,036,647

132,075,902

132,103,464

132,209,532

133,125,986

131,916,407

131,917,667

131,919,100

131,923,324

131,929,557

131,931,912

131,934,063

131,934,819

131,935,221

131,937,595

131,938,416

132,036,666

132,075,926

132,103,486

132,209,556

133,126,006

131,916,475

131,917,743

131,919,177

131,923,394

131,929,617

131,931,980

131,934,121

131,934,877

131,935,095

131,937,466

131,938,335

132,036,814

132,075,823

132,103,717

132,209,459

133,125,951

131,916,454

131,917,720

131,919,156

131,923,373

131,929,596

131,931,959

131,934,100

131,934,856

131,935,074

131,937,445

131,938,316

132,036,793

132,075,799

132,103,695

132,209,441

133,125,932

1
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AACAGACATCGGGCATCATATC
TGTTGGATTTGGAAGTGGTTTG

: GCAGGCTGCTGGTGTTTCTCATTC

: TGGGTGGGAGAAGAGAGATGCAGT

: CATGCTGGCTTCAGTTATGACC

: TCCCCTTTATTCATCCCTCTCC

: GGAAGCTGAAGGTCTGTTTGTG

: TTCCTTTACCCCTGCATTTCAC

: GTGCAGGGTCATATAGGTGTGG

: TGGAAATATTGATGACCCATCG

: AAAGGAACGTCTTGTCCCATTG

: ACCTGAAGCAGAAGTGGCTTTC

: CAAGAAATGTCTGGCTTTTCCAC

: CACCCTTTTCCTTGCCTAATTG

:ATTTTCAGGCTGCAACAGACAC

: TTCAGTCCCACATTCTTTCCAG

: CGGGAGTGTATGGAACTTCTCA

: ACCTATGAGTCTTCGACCAAAC

: CCGAACCTCTGATGTCTCCTCT

: ACTCGGTCCTGAGGAATCTTAA

: GTGAAAAAGAGAGGAAAGAACG

: AAGGAACCAAAAGTTACGTT

: CGACTTGCTTCCTCTTCAGG

: TCATGTGCAATACACATTGAGG

: ACAAAATCCCCAAAACTTTTATTTA

: GCAATTGTGTTGTAAAGTTTCAAAT

: ATCCTGATATCTGCCTTTAAATG

: GGTATATAACAATTGTTGGTGCA

: GAATGACTATAATAGAAGACTTAAC

: CGGTTAGAATCTTTGTAGT

: CACTTATAAACGAGGAAACGG
: CAGACCCTTCATTTTCTAGG
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Figure 2-3. Photographs of the sample being inserted into the real-time PCR system.
Samples were loaded into a 96-well plate and inserted into the Eco Real-Time PCR System,

I1lumina.
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Figure 2-4. Thermal cycling profile for qPCR analysis.
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The PCR reaction mixture was initially heated at 50 °C for 5 s, followed by initial denaturation at
95 °C for 20 s. The PCR cycling consisted of denaturation at 95 °C for 3 s and annealing/extension
at 60 °C for 30 s. The number of amplification cycles was set to be 50. The melting curve was
then analyzed according to the following protocol: 95 °C for 15 s, 60 °C for 30 s, and 95 °C for

15s.
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2.2.4 Gel electrophoresis

Sometimes more than one DNA product is copied in a PCR experiment. In such cases,

electrophoresis on a 2% agarose gel is used to confirm a single band in the gel, indicating

that only the specific sequence of interest has been copied. If more than one sequence was

copied, these STS markers or PCR primers were not used for further experiments (Figure

2-5).
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Figure 2-5. Agarose gel electrophoresis image of qPCR products.
One of the typical agarose gel electrophoresis images used to validate qPCR products is shown.
Unexpected bands were visualized with the product of a DXS7822 primer pair against 3X-40,

3X-41, and 3X-45 clones. These STS primers were not used in further experiments.
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2.2.5 RT-qPCR

Total RNA was extracted from each clone using a RNeasy Plus Mini kit (QIAGEN,

Hilden, German), and then ¢cDNA was synthesized using a QuantiTect Reverse

Transcription Kit (QIAGEN, Hilden, German). One pl of cDNA solution were mixed

with a 0.3 pl solution containing a primer pair (Table 2-2), 25 ul of SsoAdvanced

Universal SYBR Green Supermix (Bio-Rad, California, USA), and 23.7 ul of nuclease

free water. An aliquot of the liquid (15 pl, sufficient for three wells) was added to each

well of the plate specific to the Eco Real-Time PCR system (Illumina, San Diego, CA).

Sealing film was then attached to the plate.

PCR was performed with the following cycling process. The reaction mixture was

heated to 50°C for 2 min to prepare for initial denaturation (95°C for 30 s), followed by

50 cycles of denaturation (95°C for 15 s) and annealing/ extension (60°C, 30 s).

Fluorescence intensity was recorded during the cycle using the software of the real-time

PCR system. Real-time PCR data were verified by melt curve analysis, measured by the

temperature increases of 95°C for 15 s, 65°C for 30 s, and 95°C for 15 s (Figure 2-6).
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Table 2-2. Locations and sequences of primers used for RT-qPCR analysis.

Cytoband Gene name qPCR primers Remarks
Xp22.33 MXRAS5 F: GACGCGCTCTTCAGTTTTGA Matrix remodeling associated 5, cancer-related gene
R: ATCTCCGGCATCTTTGTCCG
Xp22.2 SHROOM2 F. AGAGCCTCGCGGACTATGA Shroom family member 2, PDZ domain containing gene
R: GGGCTGAAGGCTGTCCAATAA
Xpll.3 MIR221 F: ATCCAGGTCTGGGGCATGAAC miRNA
R: GGTAGCCTGAAACCCAGCAGA
Xpll1.22 GSPT2 F: CATCTGCCTCGAGACGTTCA G1 to S phase transition 2, eukaryotic peptide chain release factor GTP-binding subunit
R: TGCTGTCAATTCTCCTCACAGTA ERF38
Xqll.2 ZC3H12B F. CACCCTCTCGTTCTATGCCG Zinc finger CCCH-type containing 12B, probable ribonuclease
R: TGGTGGTTCCTGAAGGTTGG
Xql3.1 DLG3 F: CGGCCTCGACGTGATATTGA Discs large MAGUK scaffold protein 3
R: CAGTGCTTGCCCCTCTCTG Drosophila tumor suppressor gene, discs large (Dia) homolog 3
Xqg21.11 HMGNS F. GATATGAGGCAGGAGCCAAAGA High mobility group nucleosome binding domain 5, modulates cellular transcription
R: TCTTGCTTGGTTTCAGCAACTG
Xq22.1 ARMCX2 F: ACACTGGGGCTATACCGAAAG Armadillo repeat containing X-linked 2, contain multiple armadillo repeats
R: GACCTGGTTACACCCTTGCC
Xqg22.11 PHEX F: GCACGATCCTCTTTCTAGTGAGTC Phosphate regulating endopeptidase X-linked, zinc metallopeptidase
R: TCACAAGCGAACCGGAAGAA
Xq23 PAK3 F: GATAGGCGAGGATCTGCCAAG p21 (RAC1) activated kinase 3
R: GCTTCCTTTGCAGCGATAATCA
Xq26.1 MIRS503HG F: TTCCTGAAAGACCAAGCCCG downstream effector of CDC42 and RAC1 IncRNA
R: TGGAGATGCTGGATGCCTTC
Xq28 GABRA3 F: AAATCCGTGGAAGTGGCACA Gamma-aminobutyric acid type a receptor subunit alpha3, mediating inhibitory

R: CGCTTGAGATGGAAGTGGGT

neurotransmission
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Polymerase
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Figure 2-6. Thermal cycling profile for RT-qPCR analysis.

The PCR reaction mixture was initially heated at 50 °C for 2 min, followed by initial denaturation
at 95 °C for 30 s. The PCR cycling consisted of denaturation at 95°C for 15 s and
annealing/extension at 60 °C for 30 s. The number of amplification cycles was set to be 35.
The melting curve was then analyzed according to the following protocol: 95 °C for 15s,

60 °C for 15 s, and 95 °C for 15 s.
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2.2.6 Evaluation of PCR assay

The qPCR data were evaluated using cycle threshold (Ct) values and melting curve

analysis. The Ct value is the number of cycles at the threshold level of log-based

fluorescence. It indicates the number of PCR cycles required to copy the DNA to be

detected. High Ct values (> 35) indicate the presence of DNA-deletion at the site where

the primer anneals. The melt curve analysis is for confirming the single specific product

of PCR. Finding multiple melting curve peaks indicates that the PCR product is non-

target DNA, such as unspecific primer dimers (Figure 2-7).
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Figure 2-7. Positive and negative results of PCR analysis.
One of the positive and negative results of amplification and melting curves are shown. Left: The
horizontal axes represent the number of PCR cycles, and the vertical axes represent the
fluorescence intensity. Right: The horizontal axes represent the temperature, and the vertical axes
represent -AF/AT (fluorescence change/temperature change). The samples were divided into three
wells of a 96-well plate, and the results are represented by three lines.
(A) Positive results obtained with the DXS7888 primer against 3X-40 clones are shown. Left:
The mean value of Ct was 19.69. Right: A single peak was observed by melting curve analysis.
(B) The negative results obtained with the DXS7888 primer against 3X-41 clones are shown.
Left: The mean value of Ct was 35.89. Right: The observed multiple peaks of the melting curves

were not consistent among the three observations.
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2.2.7 Calculation of gene expression level

Data from RT-qPCR experiments were analyzed with using the AACt method to
obtain the relative gene expression values. The mean Ct values and their standard
deviations were obtained from the Eco Real-Time PCR System firmware (ver. 4.0.07.0).

The following table represents one of the AACt calculations (Table 2-3).

Table 2-3. MARAS expression level in 3X-40 cells, calculated by the AACT method.

MARAS ACTB

Clone ACt AACt FC Log, FC
mean Ct=SD mean Ct=SD

GM638 25.76 (£0.03) 20.64 (£0.25) 5.12

3X-40 28.25 (£0.20) 21.26 (£0.23) 6.99 1.87 0.27 -1.87 (+£0.40)

First, ACt is defined as the difference between the mean Ct values of the target and

endogenous genes as follows:

ACt = Ct target gene — Ct endogenous gene *

Then, the ACt value for GM 638 (the control) is calculated as

ACt gye3s = Ct paras — Ct acrg = 25.76 — 20.64 = 5.12.
Similarly, the ACt value for (the test sample, i.e., progeny of irradiated cells of) 3X-40 is
given as

ACt 35_40 = 28.25 — 21.26 = 6.99..
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Second, AACt is calculated by subtracting ACt of the control from ACt of the test sample
(i.e., progeny of irradiated cells).

AACt = ACt to5t sampte — ACT controt

AACt = ACt3x_40 — ACtsmezg = 6.99 — 5.12 = 1.87

Third, the fold change (FC) is calculated as shown below.

FC ay_40 = 2704Ct = 2187 = (27
Finally, the log base 2 of the AACt value is taken to even out the scales of up and down
regulated genes. Otherwise, up regulated genes have a scale of 1 to infinity, while down

regulated genes have a scale of 0 to 1.

10g2(FC 3x_4_0) = 10g2(027) = _187
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The variance of the AACt is calculated as the standard deviation (SD). For example,
the standard deviation of the fold change is calculated as the square root of the sum of the

squared standard deviations, as shown below.

SD log, FC

= \/(SDMARAS vs3x—-20)> T (SDyaras vs.omess)® + (SDacrp vs3x—40)? + (SDacrp vs.omezs)?

=/0.202 + 0.032 + 0.232 + 0.252

= 0.40
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2.3 Results

2.3.1 DNA deletion pattern

The three cells with the large deletions (3X-40, 3X-41, and 3X-45) were selected for

the qPCR analysis compared to those of the parent cell (GM638), as well as two

spontaneous mutant clones (X0-1 and X0-2) and two 3 Gy X-ray induced point mutant

clones (3X-2 and 3X-21). The entire HPRT1 exon was retained in all cells analyzed. STS

markers and 15 PCR primer pairs were set in a relatively small region around 132 and

135 Mb of the X chromosome (Figure 2-8).

The analysis of qPCR was applied only to regions 1 and 2 for the X0-1, X0-2, 3X-2,

and 3X-21 clones, where the markers and primers were closer together than in other

regions. These point mutant clones were positive for the markers and primers tested,

indicating that there were no deletions in these regions. In contrast, contrary to initial

expectations, the deletion site was not located in a single region containing the HPRTI

locus. The boundary between the deletion site and the remaining original DNA was

indistinct, and the PCR negative sites were distributed in a patchwork pattern. The results

shown in region 1 indicate that target PCR products were detected from primer 8 to primer

13 against 3X-40, 3X-41, and 3X-45. The deletion pattern of 3X-45 in region 1 was

similar to that of 3X-40 and 3X-41, but the STS markers near the HPRTI locus (WI-
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11835, DXS 6808) were positive while 3X-40 and 3X-41were negative. As shown in

region 2, PCR-negative sites were distributed in a patchwork pattern.
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Figure 2-8. DNA deletion in a patchwork pattern.

Results of PCR using 21 STS primers and 15 newly designed primer pairs (named as Designated
1-15) against clones. Clone GM638 is the control (parent cells). Clones 3X-40, 3X-41, and 3X-
45 are the progeny of radiation surviving cells with large DNA deletions. X0-1 and X0-2 are
spontaneous mutant clones. 3X-2 and 3X-21 are 3 Gy X-ray induced point mutant clones. The
entire HPRT1 exon is present in all cell types. The genomic region located on the X chromosome
from 130 to 137 Mb was examined. Positive and negative PCR results are shown as blue and red
dots, respectively. The HPRT locus is shown as an orange box. The enlarged figures of region 1

and region 2 are shown at the bottom of the main figure.
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The three cells with the large deletions (3X-40, 3X-41, and 3X-45) were selected for

the qPCR analysis compared to those of the parent cell (GM638), as well as two

spontaneous mutant clones (X0-1 and X0-2) and two 3 Gy X-ray induced point mutant

clones (3X-2 and 3X-21). The entire HPRT1 exon was retained in all cells analyzed. STS

markers and 15 PCR primer pairs were set in a relatively small region around 132 and

135 Mb of the X chromosome (Figure 2-8).
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2.3.2 Differential gene expression

The logy fold change values of 3X-40 cells (progeny of surviving cells) were obtained

from a microarray assay and presented as relative to the control, GM638 cells (parental

cells as the control) (Figure 2-9). Genes near the HPRTI locus showed significantly

negative fold changes compared to other distant genes. All genes with the value of log»

fold changes lower then —8 were localized near the HPRT1 locus, 130Mb-135Mb on X-

chromosome.
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Figure 2-9. Microarray analysis of gene regulation on the X chromosome in 3X-40 cells.

Microarray results are presented as fold change of gene expression levels on the X chromosome in 3X-40 cells relative to the control, GM638 cells.
The horizontal axes represent the genomic coordinates using the human genome sequence (GRCh37), and the vertical axes represent the fold change
in gene expression level on a log, scale. The blue circles represent genes that show a 2-fold or greater increase in expression level (up-regulated)
compared to the control, while the red circles indicate genes that show a 1/2-fold or less decrease in expression level (down-regulated) compared to

the control. The gray circles indicate genes with no significant difference from the control. The HPRT! locus is shown as a green circle.
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The numbers of up- and down-regulated genes on the X chromosome of 3X-40 cells,
obtained from the microarray assay, were counted (Figure 2-10). Regulated genes were
not restricted to the area around the HPRTI locus but were distributed over the entire X
chromosome. Up-regulated genes, indicated by the blue line, showed repeated peaks, and
the peak height appeared to be similar. Down-regulated genes indicated by the orange
line also showed repeated peaks, but the peak height was the largest at the location of the

HPRT1I locus and gradually decreased with gene distance from the HPRTI locus.
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Figure 2-10. The number of regulated genes of the X chromosome in 3X-40 cells determined
by microarray analysis.

The horizontal axis represents the X-chromosome bands arranged in order of gene location from
upstream (left) to downstream (right), and the vertical axis represents the number of regulated
genes. A minus sign (-) is given to the number of down-regulated genes. The blue and orange
lines are drawn by connecting the points plotted by the number of up- and down- regulated genes,

respectively.
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Twelve genes were selected from the results of 3X-40 from the microarray analysis
and their log, fold change values were analyzed by RT-qPCR with other progeny of
radiation surviving cells, 3X-41 and 3X-45 (Figure 2-11). The expression pattern of each
gene was mostly consistent with the results from the microarray assay, and most of the
tested genes showed similar trends of up- or down-regulation as typically seen for
MIR221, HMGNS5, PHEX, MIR503HG, or GARBA3. However, some of the genes had
different regulated levels among the mutant clone cells, and furthermore, some genes

showed contradictory expressions as seen in DLG3, ARMCX2, or PAK3.

74



CHAPTER 2: Genomic effects

m 3X-40 m3X-41 3X-45

|
Ii' li ii[i

|

II

I
t

Log, fold change
)
—
e

MXRAS5 SHROOM2 MIR221 GSPT2 ZC3H12B  DLG3 HMGNS ARMCX2  PHEX PAK3  MIR503HG GABRA3

Figure 2-11. RT-qPCR analysis for the twelve genes selected from the microarray analysis.
One gene per peak in Figure 2-10 was randomly selected for RT-qPCR analysis. All data were
normalized to the reference gene, ACTB (actin beta), and expressed as relative to the control,
GM638 cells. Gene symbols (locations and sequences of primers are shown in Table 2-2) on the
horizontal axis are arranged in the order of gene location from upstream (left) to downstream
(right) of the X chromosome. The fold change of gene expression levels, calculated by the AACt
method, are shown on the vertical axis on a log, scale. Orange, yellow, and green boxes indicate
gene expression in 3X-40, 3X-41, and 3X-45 cells, respectively. Not applicable (N/A) data are

shown as blank.
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2.4 Discussion

The findings demonstrated that the deletion patterns among the three mutant clones
examined were dissimilar yet partially comparable. Although the three mutant clones
were established independently, it is noteworthy that they exhibit a similar patchwork
pattern both upstream and downstream of the HPRT1 locus. This suggests that both the
structure of the X chromosome within the cell nucleus and radiation tracks play a role in
the generation of large deletions with complex neighboring structures. Chromosomes are
known to possess a unique three-dimensional structure characterized by large loops, the
bases of which are anchored in a scaffold-like structure [16]. Such loops are likely to be
susceptible to ionization and excitation by free radicals generated by radiation and water
radiolysis (Figure 2-12).

Another mechanism that can cause patchwork-like deletions is non-DSB-type

clustered DNA, such as AP sites, caused by base lesions, SSBs, AP sites, or ionization

or excitation of both chromosomes and water in a single radiation track. These clusters of
base lesions may be converted to additional DSBs by BER proteins, particularly
glycosylases or AP lyase [17-20]. The additional DSBs are not a direct result of the initial
DNA damage, but rather the result of an attempt to repair the damage, which would be
considered a false repair. The two-step process may result in large deletions induced
around the HPRTI locus. First, two (or more) DSB generated directly by radiation are
mis-rejoined by nonhomologous end joining (NHEJ) or alternative end-joining pathways,
and then additional DSBs are induced by the action of BER enzymes. The latter DSBs

could also induce mis-rejoining, eventually forming a patchwork deletion pattern.
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Although the biological significance of this patchwork DNA deletion pattern is not
clear, it is believed that the resulting structural variation will inevitably lead to structurally
unstable chromosomes. Indeed, previous studies have shown that delayed chromosome
instability occurs in X chromosomes with large deletions. The present study reveals a
complex pattern of deletions that may be responsible for chromosomal aberrations

associated with carcinogenesis.
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Figure 2-12. Spatially-dependent X-ray energy deposition in the cellular nucleus.

Chromatin located in the nuclear membrane is protected from the energy transfer caused by X-
rays due to its energy interaction with the nuclear membrane (area in the blue dotted circle).
Conversely, chromatin in the nucleoplasm has a high probability of being attacked by radicals,

leading to the formation of basic lesions, SSBs, or AP sites (area in the red dotted circle).
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The genetic and epigenetic mechanisms underlying genomic instability due to a
patchwork deletion pattern were investigated. In the microarray analysis data, the level
of down-regulated genes in a region of 130-135Mb of the X chromosome, where the
HPRTI locus is located, was significantly lower than other down-regulated genes (Figure
2-9). This was due to the large deletion around the HPRT1 locus [21].

The numbers of down-regulated genes were shown as repeated peaks (Figure 2-10),
and the peak heights were dependent on the distance of the gene location from the HPRT1
locus, suggesting that the genes closer to the large deletion site around the HPRT' locus
are more likely to be affected than the distant genes. The down regulations are not
presumed to be caused by DNA deletion. Since it is generally accepted that ionizing
radiation of 1 Gy causes approximately 40 DSBs in mammalian cells [22], the dose of
3Gy in the present study randomly causes 120 DSBs in the whole genome of a cell; thus,
other deletions originating from DSBs in the X chromosome scarcely cause the down
regulations of the genes. These results indicate that the large deletion of the HPRT locus
causes ripples over the entire X-chromosome, presumably through certain types of
epigenetic regulation, not just in the long arm of the X chromosome where the HPRT1
locus is located. This is consistent with the demonstration in a previous study that genetic
variants affect distal gene expression through association with CpG methylation [23].

The number of up- regulated genes also showed characteristic repeated multiple peaks
(Figure2-10), where the peak height, namely the number of up-regulated genes, was
typically identical. According to the report of chromotheripsis, which is frequently
identified by the cancer genome sequencing, the DNA repair process for DSBs attempts
to rearrange chromosomes [24], but hundreds of different mutations are induced in the

chromosome after the repair process if the damage is profound. These induced mutations
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can cause DNA duplications, deletions, inversions, or copy number variations (CNVs)
and other alterations [25]. The up- or down-regulation of the entire X chromosome in the
progeny cells may be due to the chromosome rearrangement that occurred in the parental
cells, suggesting that the progeny of radiation exposed cells harboring “radiation
signature” may have radiation-specific gene regulation that would be different from that
of normal cells.

One gene in each peak of up- or down- regulated gene number from Figure 2-10 was
randomly selected to set a primer of RT-qPCR to investigate whether the gene regulations
were induced not only in 3X-40 cells, but also in other progeny cell lines, 3X-41 and 3X-
45. The results of RT-qPCR analysis indicated that the tested genes showed similar trends
of up- or down-regulations (Figure 2-11). It should be noted that not applicable (N/A)
data, shown as blanks, indicate that the gene is expressed at very low levels for detection
by RT-qPCR. A common gene regulation mechanism operating in the three HPRT gene
mutant cell lines would be strongly associated with a change in chromatin structure, such
as TADs in the parental (X-ray exposed) cells. Some different or contradictory gene
expression levels among the mutant clones are also interpreted from TAD structure.
TADs are organized into two separate compartments: A, corresponding to open chromatin,
and B, corresponding to closed chromatin [26,27]. If the compartments are not altered,
the level of up- or down-regulation would be similar in mutant cells. However, the
induction of the compartment changing are also thought to be occur coordinately with
replication timing by boundary shifting during cell differentiation [28]. This suggests that
the A/B compartment, which changes during cell differentiation or cell-cycle progression,
might be an origin of the contradictory gene expressions in the progeny of radiation

surviving cells. Since the TAD compartment boundary disruption in human cancer cells
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misguides gene expressions [29], the progeny cell-specific gene expression may work as
a key to reveal carcinogenesis. To elucidate the mechanism underlying gene regulation in
radiation-surviving cells, future research is needed. In particular, the Monte Carlo
simulations of X-ray track structure should be performed to reveal complex DNA deletion
patterns [30], or the high-throughput chromosome capture (Hi-C) method should be used
to understand the effect of 3D genome architecture on gene expression after radiation
exposure.

In summary, the delayed response to radiation exposure is described in terms of gene
expression in the progeny of survivors exposed to X-rays. The large deletion around the
HPRT] locus influences on other gene expressions through up- or down-regulation of the
entire X chromosome, and this effect persists in the progeny specifically. This suggests
that chromosomal structure not only around the HPRT-deletion site, but also distant
from the HPRT1 locus are involved in whole-genome gene expression in progeny cells.
The data provide new avenues for understanding radiation-induced genomic instability
by suggesting the existence of cell-specific gene regulation in the progeny cells as a

“radiation signature”.
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3.1 Introduction

Radiotherapy is one of the principal cancer treatments, and radiation exposure has
been shown to elicit irreversible gap 1 (G1)-arrest and early senescence in normal human
cells [1-3]. Previous studies have demonstrated radiation therapeutically-induced
senescence [4,5], in which both cancer cells and normal stromal cells irreversibly arrest
at the G1 phase and exhibit senescent phenotypes [6-8]. Senescent stromal and cancer
cells can alter the tissue microenvironment through inflammatory responses of cells in
exposed organs and may be implicated in the development of secondary carcinogenesis.

X-ray stress, as a typical ionizing radiation form induces the expression of p21, which
functions downstream of the p53 pathway and suppresses the cyclin-dependent kinase 2
(CDK2) complex pathway [9]. p16 also inhibits the cyclin-dependent kinases 4 and 6
(CDK4/6) complex [10]. Inhibitions of these cyclin-CDK pathways leads to irreversible
cell-cycle arrest, as these cyclin-CDK complexes activate the transcription factor E2F,
which is essential for cell cycle progression [11]. More recently, a complex process rather
than a simple one has been considered as the regulator of irreversible cell-cycle arrest
[4,5,12,13].

Mitochondria also decrease mitochondrial function in irreversible cell-cycle arrest by
increasing the production of reactive oxygen species (ROS) induced by X-rays [14,15].
ROS open the mitochondrial permeability transition pore, decrease the nicotinamide
adenine dinucleotide/ nicotinamide adenine dinucleotide and hydrogen (NAD" /NADH)
ratio [16], activate adenosine monophosphate (AMP)-activated protein kinase, and
increase pS3 expression by AMP-activated protein kinase, resulting in p21 expression
[17-19]. CDK inhibitors induce expression of other downstream genes, a process that may

reduce mitochondrial function and induce irreversible cell-cycle arrest. Therefore, for a
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comprehensive understanding of the biological effect of irreversible cell-cycle arrest, it
is essential to clarify mitochondrial energy metabolism during the progression of
irreversible cell-cycle arrest. It was previously reported that the total mitochondrial area
increases in hypertrophied cells (i.e., irreversible cell-cycle-arrested cells). Hypertrophy
occurs when cells evade entry into mitosis to form tetraploid cells and this leads to the
increase in mitochondria that accompanies the increase in cell size [20]. Since eukaryotic
cells attempt to maintain optimal size to maintain homeostasis, and cell contents such as
mitochondria are linearly proportional to cell size, adenosine triphosphate (ATP)
production is also expected to increase in hypertrophied senescent cells. However, cells
undergoing irreversible cell-cycle arrest are assumed to require less ATP than normal
cells because 60% of the total energy production by aerobic metabolism is utilized per
cell cycle [21], which requires validation in radiation-induced irreversible cell cycle arrest.

In this study, mitochondrial content was examined by mitotracker green (MTG)
staining and mitochondrial membrane potential (A¥Ym) through 5,5',6,6'-tetraethyl-
benzimidazolylcarbocyanine iodide (JC-1) staining to ascertain the irreversible cell-cycle
arrest induced by X-irradiation. The irreversible cell-cycle arrest induced by X-irradiation
was characterized. Since ionizing radiation prompts early irreversible cell-cycle arrest in
stromal cells [22,23], specifically fibroblasts, WI-38 cells ware irradiated with 20 Gy X-
rays to examine the effects of irradiation on fibroblasts. The irreversible cell-cycle arrest
induced by radiation alone was also examined using immortalized BJ-5ta cells, which do

not display endogenous senescence due to telomere shortening.
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3.2 Materials and methods

3.2.1 Cell lines and culture conditions

Primary human fetal lung fibroblasts (WI-38 from the American Type Culture
Collection, Virginia, USA) and human TERT-immortalized foreskin fibroblast-like cells
(BJ-5ta from the American Type Culture Collection, Virginia, USA) were used (Figure
3-1). WI-38 cells were cultured in D-MEM medium (Fujifilm Wako Pure Chemical
Industries, Osaka, Japan) supplemented with L-glutamine and phenol red, 10% fetal
bovine serum (Thermo Fisher Scientific, Massachusetts, USA), and 1% antibiotic-
antimycotic (Thermo Fisher Scientific, Massachusetts, USA). BJ-5ta cells were grown in
a medium consisting of a 4:1 ratio of D-MEM (Fujifilm, Tokyo, Japan) and Medium 199
(Sigma-Aldrich, St. Louis, MO) with the addition of 10% fetal bovine serum (Thermo
Fisher Scientific, Massachusetts, USA) and 1% antibiotic-antimycotic (Thermo Fisher
Scientific, Massachusetts, USA). Cells were incubated at 37°C in a humidity-controlled
environment with a gas composition of 95% air and 5% COs,.

Experiments were independently repeated three times, with cells seeded two days
prior to irradiation. For cell proliferation measurements, 2.0 x 10° cells/well were seeded
on Falcon T25 flasks (Corning, New York, USA). For 5-ethynyl-2'-deoxyuridine (EdU)
staining, 2.0 x 10* cells/well were seeded on Falcon plastic 96-well plates (Corning, New
York, USA). Senescence-associated B-galactosidase (SA-B-gal) staining was performed
with 5.0 x 10* cells/well seeded on Falcon plastic 35-mm cell culture dishes (Corning,
New York, USA), and MTG and JC-1 staining was performed with 5.0 x 10* cells/well

seeded on glass 35-mm cell culture dishes (Iwaki, Tokyo, Japan). Before irradiation, the
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growth medium was replenished with fresh medium, and the cells were incubated without

changing the medium.
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Figure 3-1. Microscopic images of WI-38 and BJ-5ta cells on a dish.

Primary WI-38 cells and hTERT-immortalized BJ-5ta cells are shown in the phase

contrast microscopic images.
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3.2.2 X-ray irradiation

The cells were exposed to X-rays using an X-ray generator equipped with a tungsten
target (M-150WE; Softex, Tokyo, Japan). The energy spectrum of the characteristic X-
rays was between 60-70 keV. A 0.2-mm-thick aluminum filter was used to attenuate the
presence of low-energy X-rays (< 1.5 keV). The X-ray generator was operated at a tube
voltage of 150 kVp and a tube current of 3.48 mA, resulting in a dose rate of 1.0 Gy/min.

The cells were exposed to X-rays for 20 minutes, resulting in a total dose of 20 Gy.

3.2.3 Live-cell imaging using microscope

Cell samples were examined under a BZ-710X fluorescence microscope (Keyence,
Osaka, Japan) (Figure 3-2). The excitation and emission wavelengths used for 4',6-
diamidino-2-phenylindole (DAPI) were 360 and 460 nm, respectively, while those used
for MTG were 490 and 516 nm. For JC-1, the excitation and emission wavelengths were
either 485 and 535 nm (for green fluorescence) or 520-570 and 570-610 nm (for red
fluorescence), respectively. Filters specifically designed to absorb light (Keyence) for
DAPI (460 £ 50 nm), green fluorescent protein (525 £+ 50 nm), and tetramethylrhodamine-
5-(and -6-) isothiocyanate (605 = 70 nm) were used to obtain green, red, and blue
fluorescence. Phase contrast images were taken in addition to fluorescence observations.
Cell samples were maintained in a temperature-controlled, humidified chamber (Tokai
Hit, Shizuoka, Japan) at 37°C and 5% CO: inside the fluorescence microscope. The 20x
magnification objective for EQU, 10x magnification for SA-B-gal, or a 60x oil immersion
objective for MTG and JC-1 were adjusted and equilibrated for approximately 30 min

before observations to ensure consistent temperature conditions. Observations were
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performed using the BZ-X Viewer microscope control application software (Keyence,

Osaka, Japan).
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Figure 3-2. Photographs of the sample set in the fluorescence microscope.

The cell sample in a 35 mm dish was placed in the BZ-710X fluorescence microscope.
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3.2.4 Measurement of cell proliferation

Non-irradiated and X-irradiated WI-38 and BJ-5ta cells exposed to a dose of 20 Gy
were maintained in an incubator for 9 and 15 days, respectively. The cells were rinsed
with PBS and then treated with 0.05% trypsin-EDTA (Thermo Fisher Scientific, Tokyo,
Japan) for 3 min in the incubator. The cells were then resuspended in serum supplemented
medium to inactivate trypsin. Cell counting was performed using a Coulter counter
(Beckman Coulter, California, USA). BJ-5ta cells were cultured for a longer period of
time compared to WI-38 cells because they are an immortalized cell line derived from
human telomerase reverse transcriptase (hTERT), which may result in molecular

variations compared to primary cells such as WI-38.

3.2.5 EdU staining

5-ethynyl-2'-deoxyuridine (EdU) is an alternative to 5-bromodeoxyuridine and
represents a thymidine analogue. Detection and quantification of cell proliferation was
performed using an EdU proliferation kit (Abcam, Cambridge, UK). Cells were incubated
for 2 h in an incubator containing the EAU solution. Cells were then incubated for a further
15 min at room temperature with a fixative solution added to each well. During this time,
the culture plate was maintained in a protected, light-free environment. Cells were washed
twice with wash buffer before storage in PBS in an incubator to prevent desiccation. After
the cells from all of the conditions had been fixed, they were stained on the same day. A
permeabilization buffer was added to the cells and they were incubated for 20 min at room
temperature. After two washes with the wash buffer, a reaction mix was added to the cells

for staining and the cells were incubated for 30 min at room temperature. The cells were
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washed again with the wash buffer and PBS, and the nuclei were labeled with DAPI
(Dojindo, Kumamoto, Japan). Finally, fresh PBS was added for microscopic observation

of EdU-positive cells.

3.2.6 SA-p-gal staining

SA-B-gal staining is used to differentiate irreversible cell cycle arrest [25]. A
Senescence Cells Histochemical Staining Kit (Sigma-Aldrich, Missouri, USA) was used
for SA-B-gal staining. Cells were washed twice with PBS, fixed with fixation buffer, and
incubated at room temperature for 7 min. The cells were then rinsed three times with PBS
and stored in a PBS solution at 4°C, with the dishes covered with parafilm to prevent
desiccation. Cells in all conditions were then fixed under the cover of parafilm to prevent
exposure to atmospheric CO», which can lower the pH level of the buffer and affect
staining efficiency. They were fixed and stained on the same day. The cells were
incubated overnight and washed three times with PBS. The cells were then examined
microscopically. The percentage of SA-B-gal-positive cells was determined by plotting

the number of positive cells (blue) against the total number of cells in each field of view.

3.2.7 Mitochondria staining

The mitochondrial area was analyzed using the chemical probe MTG (purchased from
Invitrogen, Massachusetts, USA). The MTG probe labels mitochondria with a green-
fluorescent signal independent of the AWm value. The MTG probe was diluted with
dimethyl sulfoxide (DMSO) to a stock concentration of 100 uM and stored at 20°C prior

to use. The stock solution was equilibrated to room temperature and mixed with D-MEM
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to a final concentration of 200 nM, which served as the staining solution. The D-MEM
medium was removed from the glass dish containing the cultured cells and the staining
solution was added. After 20 min of incubation in a cell incubator, the solution was
removed from the dish and the cells were washed twice with PBS. Fresh D-MEM medium

was added for subsequent observation under a fluorescence microscope.

3.2.8 ATP detection

A commercial Intercellular ATP measurement kit (IC2-100, TOYO B-Net, Tokyo,
Japan) was used to extract ATP and measure the amount of ATP by the luciferin-
luciferase method. A luciferase enzyme oxidizes luciferin substrate by using ATP, O,
and Mg?* This chemical reaction results in the formation of the excited state oxyluciferin,
which emits visible light upon transition to the ground state as shown in the formula
below. Since the intensity of the emitted light is proportional to the amount of ATP, the

light was measured as the amount of ATP.

luciferase, Mg?*

Luciferin + ATP + 0, ——— > oxYyluciferin + AMP + PPi + CO, + light

To prepare the ATP light-emitting reagent, the ATP light-emitting reagent
(lyophilized) and the dissolver were thawed at room temperature. The entire contents of
one bottle (12 ml) of the dissolver was added to the vial containing the ATP light-emitting
reagent and the vial was slowly inverted several times to mix thoroughly. The vial was

allowed to stand at room temperature for an hour to acclimate the reagent. The ATP
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emitting reagent and the ATP standard reagent were dispensed and stored at —80 °C prior
to use, to avoid affected by light, temperature, or physical stimuli.

The medium was removed from the 96-well plate of cell samples prepared two days
earlier, and then the cells were washed with PBS and 100 pl of the ATP extraction
solution was applied to each of the well. After gently shaking the plate for 5 min at room
temperature, the reagent in each of the well was pipetted and collected in a tube placed
on ice. Ten pl of the ATP extraction reagent was added to a measuring tube containing
100 pl of the prepared ATP light-emitting reagent. The reagent in a tube was gently

shaken and measured with a luminometer (GL-200, Microtec Nichion, Chiba, Japan).

3.2.9 Detection of mitochondrial membrane potential

The AWm was visualized using the JC-1 chemical probe obtained from a commercial
kit (Cayman Chemical, Michigan, USA). This kit contains a monomer that fluoresces
green at low AYm (< —100 mV) and a polymer that fluoresces red at high AYm (> —140
mV). The JC-1 reagent was thawed, equilibrated to room temperature, and then combined
with 225 pLL D-MEM to form a stock solution, which was stored at
—20°C prior to use. To prepare a working solution, 25 pL. of the stock solution was mixed
with 500 pLL of D-MEM. The D-MEM medium was removed from the glass culture dish,
and the working solution was added to the cells and incubated for 20 min in a cell
incubator. After the incubation period, the solution was removed from the dish and the
cells were washed twice with PBS. Fresh D-MEM medium was added for observation

under a fluorescence microscope.
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3.3 Results

3.3.1 Cell proliferation against 20 Gy X-ray dose

In WI-38 cells, the expression of irreversible cell-cycle arrest was examined by
enumerating the number of non-irradiated (0 Gy) and 20 Gy X-irradiated cells (Figure 3-
3). Non-irradiated WI-38 cells showed a 10-fold increase in proliferation after up to 9
days of culture, whereas cell proliferation was significantly suppressed in 20 Gy X-
irradiated WI-38 cells. Similarly, non-irradiated BJ-5ta cells exhibited a significant
increase in proliferation after reaching confluence in culture for up to 7 days, but the
proliferation of 20 Gy X-irradiated cells was significantly lower than that of non-
irradiated cells.

In certain tumor cell lines, 20 Gy irradiation results in significant cell loss [25].
However, in WI-38 and BJ-5ta, no such diminution in cell number was observed after 20
Gy irradiation, and most cells (90%) persisted in culture without progressing through the
cell cycle. This result is consistent with previous study [26] and confirms that 20 Gy of
X rays induces irreversible cell-cycle arrest without cell loss. Therefore, 20 Gy is

determined to be the appropriate dose to induce irreversible cell-cycle arrest.
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Figure 3-3. Effect of 20 Gy X-ray dose on WI-38 and BJ-5ta cell proliferation.

The number of non-irradiated and 20 Gy X-irradiated cells (seeded at 2.0 x 10° cells/well) was
counted over a period of 9 days for WI-38 cells and 15 days for BJ-5ta cells. All values were
normalized to the number of cells at day 0, and the error bars represent the standard deviation
(SD) (n = 3). The symbol * indicates the p-values of the Student’s t-test compared to the non-

irradiated and irradiated samples, respectively; *** p < 0.001.
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3.3.2 Cell-cycle arrest conformation by EAU- and SA-f-gal staining

The irreversible cell-cycle arrest of WI-38 cells after 20 Gy X-irradiation was
confirmed by EdU-labeling experiments. Irreversible cell-cycle arrest induction was also
verified by SA-B-gal staining [27]. As shown in Figure 3-4, the majority of cells after
irradiation were negative for EdU staining; when the percentage of EdU-positive cells
was plotted against time after irradiation (Figure 3-5), all values after irradiation were less
than 2%. In contrast, SA-B-gal blue staining decreased in a time-dependent manner after
irradiation (Figure 3-6). The percentage of SA-B-gal positive cells in three randomly
selected microscopic fields of view increased in a time-dependent manner, reaching
approximately 90% by 9 days after irradiation (Figure 3-7). BJ-5ta cells also showed a
similar trend as WI-38 cells. These results confirm that 20 Gy X-irradiation induces

irreversible cell-cycle arrest, often referred to as premature senescence
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WI-38

DAPI Merge

BJ-5ta

DAPI Merge

Control

5 days 2 days

9 days

Figure 3-4. Representative microscopic images of EdU- and DAPI-stained non-irradiated
(control) and irradiated WI-38 and BJ-5ta cells.
Non-irradiated (control) and 20 Gy X-irradiated WI-38 and BJ-5ta cells were stained with EAU

and DAPI and then observed under a fluorescence microscope at 20x magnification. Images of

the irradiated cells were taken at 2, 5, and 9 days after irradiation. EAU (green) was added for 2 h

before analysis. Cells were counterstained with DAPI (blue). The scale bar is 50 pm for all images.
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Figure 3-5. Percentage of EdU-positive cells in non-irradiated (control) and irradiated WI-
38 and BJ-5ta cells.

The percentages of EdU-positive non-irradiated (control) and 20 Gy X-irradiated WI-38 and BJ-
Sta cells were obtained from EdU staining and DAPI counterstaining. Data from the irradiated
cells were obtained at 2, 5, and 9 days after irradiation. EdU-positive cells were divided by the
total number of cells in each microscopic field, and the fraction was multiplied by 100.
Approximately 200 cells were counted in each field. The error bars represent the standard
deviation (SD) (n = 3). Statistical analysis was performed using Student’s t-test. The symbol *
indicates the p-value of the t-test compared with the control and irradiated samples, respectively;

5% 1 < 0,001, ** p < 0.01.
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WI-38

Control 9 days

BJ-5ta

Control 2 days 5 days 9 days

Figure 3-6. Representative microscopic images of SA-pB-gal-stained non-irradiated (control)
and irradiated WI-38 and BJ-5ta cells.

Non-irradiated (control) and 20 Gy X-irradiated WI-38 and BJ-5ta cells were stained with SA-f-
gal and then observed under a fluorescence microscope at 20x magnification. Images of the
irradiated cells were taken at 2, 5, and 9 days after irradiation. The blue color indicates the

detection of SA-B-gal. the scale bar is 50 pm for all images.
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Figure 3-7. Percentage of SA-B-gal-positive cells in non-irradiated (control) and irradiated

WI-38 and BJ-5ta cells.

The percentages of the SA-B-gal-positive non-irradiated (control) and 20 Gy X-irradiated WI-38

and BJ-5ta cells were obtained from SA-B-gal staining. Data from the irradiated cells were

obtained at 2, 5, and 9 days after irradiation. SA-B-gal-positive cells were divided by the total

number of cells in each microscopic field, and the fraction was multiplied by 100. Approximately

70 cells were counted in each field. The error bars represent the standard deviation (SD) (n = 3).

Statistical analysis was performed using Student’s t-test. The symbol * indicates the p-value of

the t-test compared with the control and irradiated samples, respectively; *** p < 0.001.
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3.3.3 Mitochondrial and cellular area changes over time after irradiation

Analysis of MTG-stained mitochondria showed an increase in total mitochondrial
area and persistent hypertrophic changes in cell morphology after exposure (Figure 3-8).
Mean total mitochondrial area per cell (Figure 3-9) and mean cell area determined by
phase-contrast imaging (Figure 3-10) were plotted against time after exposure. There was
a continuous increase in total mitochondrial area and cellular area over time in WI-38 and
BJ-5ta cells. The ratio of mitochondrial area to cell area (Table 3-1), calculated as mean
total mitochondrial area divided by mean cell area, showed a decrease in WI-38 cells after

irradiation, but no significant decrease in BJ-5ta cells.
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WI-38

Control 2 days 5 days 9 days

BJ-5ta
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Figure 3-8. Representative microscopic images of MTG-stained mitochondria from non-
irradiated (control) and irradiated WI-38 and BJ-5ta cells.

Non-irradiated (control) and 20 Gy X-irradiated WI-38 and BJ-5ta cells were stained with MTG
and then observed under a fluorescence microscope at 60x magnification. Images of the irradiated

cells were taken at 2, 5, and 9 days after irradiation. The scale bar is 50 um for all images.
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Figure 3-9. Mean mitochondrial area in non-irradiated (control) and irradiated WI-38 and
BJ-5ta cells.

The mean total mitochondrial area in non-irradiated (control) and 20 Gy X-irradiated WI-38 and
BJ-5ta cells were obtained from MTG staining. Data from the irradiated cells were obtained at 2,
5, and 9 days after irradiation. The error bars represent the standard deviation (SD) (n = 90).
Statistical analysis was performed using Student’s t-test. The symbol * indicates the p-value of

the t-test compared with the control and irradiated samples, respectively; *** p< 0.001.
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Figure 3-10. Mean cell area in non-irradiated (control) and irradiated WI-38 and BJ-5ta
cells.

The mean total cell area of non-irradiated (control) and 20 Gy X-irradiated WI-38 and BJ-5ta
cells were obtained from phase contrast images. Data from the irradiated cells were obtained at 2,
5, and 9 days after irradiation. The error bars represent the standard deviation (SD) (n = 90).
Statistical analysis was performed using Student’s t-test. The symbol * indicates the p-value of

the t-test compared with the control and irradiated samples, respectively; *** p< 0.001.
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Table 3-1. Geometry of the mitochondrial and cellular areas in non-irradiated (control) and irradiated WI-38 and BJ-5ta cells.

The total mitochondrial area was obtained by MTG staining. The cell area was obtained from phase contrast images.

WI-38 BJ-Sta
Time after Control 2 5 Control 2 5 9
irradiation (days)

aTr‘éfl(?nfz‘;Chond“al 237(£104) 390 (£221) 668 (£258) 1034 (459) 181 (£86) 351 (£131) 752 (+283) 1155 (£ 431)
Cell arca (um?) 2200 (£ 1220) 5270 (£ 2810) 9770 (+4470) 21,100 ( 11,700) 2280 (£809) 4870 (= 1790) 11,200 (£5320) 17,400 ( 7220)
Ratio

(Total mitochondrial 010 0.074 0.068 0.049 0.079 0.072 0.067 0.067

area / cell area)

The ratio represents the mean total mitochondrial area per unit cell area. The errors of plus or minus represent the standard deviation (SD) (n = 90).
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3.3.4 ATP level changes over time after irradiation

Analysis of the quantified ATP levels showed a sustained increase in ATP levels in
both WI-38 and BJ-5ta cells in correlation with time after irradiation (Figure 3-11). In
WI-38 cells, ATP levels increased rapidly 2 days after irradiation and continued to
increase gradually thereafter. By 9 days after irradiation, the ATP level was
approximately 5-fold higher than that of the control. In BJ-5ta cells, the rate of increase
was not as pronounced as in WI-38 cells, but with a slight decrease from 5 to 9 days after
irradiation, it generally tended to increase during the experimental period, and the amount

of ATP was approximately 2-fold that of the control at 9 days after irradiation.
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Figure 3-11. Normalized ATP amount of non-irradiated (control) and irradiated WI-38 and
BJ-5ta cells.

ATP amount in non-irradiated (control) and 20 Gy X-irradiated WI-38 and BJ-5ta cells were
estimated by the luciferin-luciferase method. Data from the irradiated cells were obtained at 2, 5,
and 9 days after irradiation, and all values were normalized to the control cells. The error bars
represent the standard deviation (SD) (n = 3). Statistical analysis was performed using Student’s
t-test. The symbol * indicates the p-value of the t-test compared with the control and irradiated

samples, respectively; *** p < 0.001.
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3.3.5 Mitochondrial membrane potential changes over time after

irradiation

The area of low mitochondrial membrane potential (green) within each X-irradiated
cell line enlarged as the cellular morphology expanded. Conversely, the area of high
mitochondrial membrane potential (red) did not show a time-dependent increase after
irradiation (Figure 3-12). The fraction of high mitochondrial membrane potential area
within the total JC-1 staining area was normalized to the fraction of the control cells and
plotted against time after irradiation (Figure 3-13). In WI-38 cells, a minimum value of
the fraction was observed on the second day after irradiation and then increased rapidly
(1.8-fold the control value). In contrast, in BJ-5ta cells, a slight minimum value was
observed on the second day after irradiation, followed by a gradual increase, but it did not

exceed the control value.
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WI-38 BJ-5ta

Low A¥Ym High AYm Merge Low A¥Ym High AYm Merge

Figure 3-12. Representative images of the low and high AWYm regions with JC-1 staining of
non-irradiated (control) and 20 Gy X-irradiated WI-38 and BJ-5ta cells.

Non-irradiated (control) and 20 Gy X-irradiated WI-38 and BJ-5ta cells were stained with JC-1
and then observed under a fluorescence microscope at 60x magnification. Images of irradiated

cells were taken at 2, 5, and 9 days after irradiation. The scale bar is 50 um for all images.
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Figure 3-13. Normalized fraction of the high A¥m area defined as the ratio of the red areas
to the sum of the red and green areas in non-irradiated (control) and irradiated WI-38 and
BJ-5ta cells.

The red/red+green fluorescence ratios of JC-1 in non-irradiated (control) and 20 Gy X-irradiated
WI-38 and BJ-5ta cells are shown. Data from the irradiated cells were obtained at 2, 5, and 9 days
after irradiation, and all values were normalized to the control cells. The error bars represent the
standard deviation (SD) (n = 90). Statistical analysis was performed using Student’s t-test. The
symbol * indicates the p-value of the t-test compared with the control and irradiated samples,

respectively; *** p<0.001, ** p <0.01.
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3.4 Discussion

The irreversibly cell-cycle arrested cells used in this study share many similarities
with senescent cells [28], such as permanent loss of proliferative capacity as evidenced
by EdU staining (Figure 3-5), enlarged cell size, flattened morphology (Figure 3-6), and
expression of SA-B-gal (Figure 3-7), and it was confirmed that WI-38 and BJ-5ta cells
induce senescence through irreversible cell-cycle arrest. Thus, WI-38 and BJ-5ta cells,
the representative fibroblast cell lines used in this study, could induce premature
senescence and maintaining metabolism without apoptotic features even after high-dose
X-irradiation (20 Gy) (Figure 3-3). Whether the irreversible cell-cycle arrest is a general
feature of X-irradiated normal cells remains to be clarified by using different normal cells
of different tissue origin, but it has been confirmed that WI-38 cells and BJ-5ta cells enter
a state of irreversible cell-cycle arrest.

This study is the first to report on changes in mitochondrial metabolism in cells
undergoing irreversible cell-cycle arrest. Many studies on the radiation effects of
irreversible cell-cycle arrested cells on mitochondria have reported functional impairment
as revealed by fragmentation, reactive oxygen species (ROS) production, ATP
concentration, and mitochondrial gene expression (see [29] and references therein for a
review). However, little is known about mitochondria in cells with irreversible cell-cycle
arrest; the increase in total mitochondrial area stained with MTG in WI-38 and BJ-5ta
cells up to 9 days after irradiation suggests that the production of mitochondria exceeds
the removal of damaged mitochondria (Figure 3-9), possibly due to the autophagy process.
In addition to the increase in mitochondrial area, both cells also showed an increase in

cellular area (Figure 3-10), presumably due to the reproduction of cellular components
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without undergoing cell division (enlargement effect). The ratio of total mitochondrial
area divided by cell area in both cells (Table 3-1) decreased continuously, particularly in
WI-38 cells, reaching about half of the control at 9 days after irradiation, suggesting that
the reproducing mitochondria were less vibrant than those of other cellular components.

The quantified amount of ATP tended to increase continuously in both WI-38 and BJ-
Staup to 9 days after irradiation (Figure 3-11). The reason for the increase in intracellular
ATP content is thought to be due to increased ATP production resulting from increased
ATP demand within the cells. However, it remains speculative whether the increase in
ATP in senescent cells is due to increased ATP production or decreased ATP
consumption. Therefore, the mitochondrial membrane potential (A¥Ym) was quantified
using JC-1 to reflect ATP production in the cell.

The normalized fraction of high A¥Ym area in WI-38 and BJ-5ta cells visualized by JC-
1 staining reached its lowest level 2 days after irradiation (Figure 3-13). This suggests
that mitochondrial activity was temporarily reduced due to the degradation of damaged
mitochondria as reported earlier (as described above), followed by the re-establishment
of the high AWYm area within a few days. The high A¥m area overshot in primary cells
(WI-38) at 5 days after irradiation, but the immortalized BJ-5ta cells retained a fraction.
A low fraction of high A¥Ym area was also reported in other immortalized human
fibroblasts, BJ-1 h-TERT [30]. This suggests that upregulate of energy metabolism is
delayed in primary cells, but not in immortalized cells. Conversely, the manipulation of
immortalization may alter energy metabolism as it pertains to stress responses.

Since that less than 1% of mitochondrial proteins are encoded in the mitochondrial
genome [31], nuclear DNA is responsible for the production of proteins or chaperones

necessary for mitochondrial synthesis. To the best of our knowledge, the time required
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for full recovery of mitochondrial assembly has never been precisely measured. However,
it is estimated to take at least one cell cycle, usually 16-24 hours, due to the need to
assemble complex bilayer structures and various membrane protein complexes. Therefore,
it is reasonable to assume that cells responded to the ATP demand by prioritizing the
expansion of existing mitochondrial activation sites after rapidly decreasing the fraction
of high AWm area due to radiation exposure.

Interestingly, in WI-38 cells, the normalized fraction of high A¥Ym area increased
markedly (1.8-fold over control values) at 5 and 9 days after irradiation (Figure 3-13).
Since AYm is formed by an electrochemical proton gradient for ATP synthesis [32,33],
this marked increase in the fraction of high AYm area may be due to the likely to be a
response to the increased ATP demand at day 5 after irradiation. This is because it is now
clear that cells with irreversibly cell-cycles arrested cells require more bioenergy [34].
This ATP requirement may be caused by senescence-associated heterochromatic foci
(SAHF), cell-cycle arrest through activation of the p53-p21 and p16-Rb pathways, or
mitotic evasion and transition to G1 phase. Furthermore, cells with irreversible cell-cycle
arrest share many characteristics with senescent cells, most notably the synthesis of
SASP-related proteins, which may be require ATP. Previous studies reported that 41% or
33% of genes in proliferating cells are upregulated or downregulated after irreversible
cell-cycle arrest and downregulated or upregulated by the fact of mitochondrial depletion,
respectively [35]. They found that the regulated genes included many SASP-related genes.
In terms of gene regulation, it is suggested that mitochondria produce extra ATP for SASP
and contribute to cellular homeostasis with irreversible cell-cycle arrest.

In immortalized BJ-5ta cells with manipulated telomeres and unrestricted cell division,

variations over time after irradiation in relative mitochondrial area per cell area and the
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fraction of high AWm area showed patterns comparable to WI-38, but the degree of
increase or decrease in BJ-5ta cells was less than that observed in WI-38 cells. Cell line
differences between WI-38 and BJ-5ta may explain the observed dissimilarity.
Specifically, WI-38 cells are isolated from the lung tissue of a 3-month-old female
embryo, whereas BJ-5ta is derived from the foreskin of a male patient. The discrepancy
in response between cell lines may also be related to telomere function and mitochondria.
Sahin et al. [36] discovered the existence of mitochondrial dysfunction in mice engineered
to gradually lose telomere function. This was the outcome of reduced activity of PGC-1a
and PGC-1p, key factors that regulate mitochondrial function. Decreased activity of these
factors leads to a decrease in mitochondrial number and metabolic failure of the cell with
irreversible arrest of the cell cycle. In other words, mitochondria in BJ-5ta cells may be
less sensitive to X-irradiation. Immortalization of WI-38 cells may be necessary to
determine the underlying cause of the discrepancy between the two cell lines' response to
radiation. Furthermore, studies of fluorescently labeled mitochondria in cultured
mammalian cells have shown that mitochondrial fission often results in the asymmetric
generation of two daughter organelles, one with a high membrane potential and the other
with a reduced membrane potential [37]. This underscores the need to study
mitochondrial morphology to gain insight into the observed differences between the two
cell lines.

Other additional studies are also necessary to clarify the precise correlation between
mitochondrial action and maintenance of cellular function in irreversibly cell-cycle
arrested cells. In particular, inhibiting AYm with uncoupling agents such as carbonyl
cyanide m-chlorophenyl hydrazone and using normal human lung fibroblasts (MRCS5 and

TIG-3) and pO cells, which is cells without mitochondrial DNA [38], may be a useful

115



CHAPTER 3: Metabolic effects

approach. Furthermore, quantification of intracellular ATP production as an indicator of
energy metabolism, and oxygen consumption rate and extracellular oxidation rate of
living cells as indicators of mitochondrial respiration and glycolysis would clearly
demonstrate the effect of X-irradiation on respiratory chain function.

In conclusion, the mitochondrial morphology of cells that have undergone irreversible
cell-cycle arrest after high-dose X-irradiation have described. Their chronological
morphology show increase in mitochondrial area in senescence-like cells, indicating that
they became highly active to accommodate the increased ATP requirements of the cells.
Unlike previously thought, irreversible cell-cycle arrested cells were not less vigorous,
but were intensely active, suggesting that they may be affecting surrounding normal cells
via high-energy metabolism. This study provides a window for understanding the role of

long-lived cell-cycle arrested cells, or senescent cells, in organs and throughout the body.

116



CHAPTER 4: Conclusion and future perspective

CHAPTER 4. Conclusion and future perspective

117



CHAPTER 4: Conclusion and future perspective

Studies of genomic and metabolic effects as cellular responses to ionizing radiation
are essential to elucidate the mechanism of long-term effects of radiation in organs or the
whole body. These are the conclusions of this thesis. First, DNA deletions were widely
distributed as a patchwork pattern reflecting the radiation track structure [1]. The evidence
strongly suggests that clustered non-DSB type DNA damage, consisting of base lesions,
SSBs, or AP sites that are closely located within one or two helical turns, may also induce
delayed DSBs in the progeny cells of radiation surviving cells as well as those that are
directly induced along the radiation tracks. These additional induced DSBs would cause
genomic instability and alter gene expression due to their DNA shortening structures
rather than those of normal cells [2]. Second, mitochondria in irreversible cell-cycle
arrested cells were activated presumably due to the extra demand for ATP for SAHF,
activation of the p53-p21 and p16-Rb pathways to arrest the cell cycle, or SASP [3]. This
suggests that ROS, a byproduct of ATP, may attack organelles neighboring mitochondria
and induce oxidative damage to them. These two studies suggest that delayed DSB and
elevated radical levels in irreversible cell-cycle arrested cells may be factors in the
induction of cancer, a typical long-term effect of radiation.

The findings provide new evidence that DNA damage can induce an extremely
gradual progression of carcinogenesis on a timescale of years, in contrast to the molecular
processes of ionizing radiation in the cell on a timescale of femto- to milli-seconds, even
in cells that appear to be "quiescent" because the main DNA repair process has already
been completed and cell division has begun, or that the cell-cycle has stopped and appears
to be low risk of cancer since there is no DNA replication. The research showed that cells

exposed to radiation have a tendency to affect surrounding cells not directly exposed to
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radiation, potentially leading to future oncogenesis. This is a long-term effect of radiation

that could not be detected by observing cells immediately after exposure (Figure 4-1).
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E
Long term effects on genes Long term effect on metabolism
Cell division Irreversible cell-cycle arrest
Vv = Increase in mitochondrial
DNA deletion in a patchwork area and ATP levels'
pattern = Mitochondrial activation
\
Affect normal surrounding cells
by ROS or SASP
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o
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Figure 4-1. Summary of studies on long-term effects on genes and metabolism.

The double-lined boxes indicate new findings from this study. The study of the long-term effect
of genes showed that even in the progeny of radiation surviving cells that are capable of cell
division, there are DNA deletions in a patchwork pattern. Such deletions have the potential to
induce chromosomal changes and shifts in altering gene expression. The study of the long-term
effect on metabolism revealed an increase in both mitochondrial area and ATP levels, as well as
mitochondrial activation in irreversible cell-cycle arrested cells. This suggests that ROS or SASP
from irreversible cell-cycle arrested cells may damage normal surrounding cells and play a role
in the development of delayed mutation. These cellular responses to radiation exposure may result

in an increased carcinogenic potential.
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The understanding of the risk of carcinogenesis from low-dose exposures of less than
100 mSv radiation is still chaotic. The International Commission on Radiological
Protection (ICRP) has proposed the linear-no-threshold hypothesis (LNT hypothesis),
which assumes that health effects are dose-dependent, no matter how small the exposure.
However, there are many objections to whether the actual effects are linear or not,
including the idea that DNA damage is repaired by DNA repair processes of cells in the
low-dose range and thus the health risk is undetectable, and the opposite idea is that
radiation-damaged cells can affect surrounding cells not exposed to radiation, leading to
a greater risk of cancer in the low-dose range. The latter case is known as the “bystander
effect”, a typical nontargeted effect that occurs in distant cells [4]. My work in this thesis
has focused on the temporal nontargeted effect arising from the progeny of radiation
surviving cells, but this phenomenon has a similar mechanism to the latter case in terms
of arising adverse impact on normal cells through the secretions of irreversible cell-cycle
arrested cells. This study advances the understanding of the long-term biological effects
of low-dose radiation.

There is still work to be done to understand the long-term biological risks associated
with low-dose radiation. In the study of long-term genomic effects of radiation, Monte
Carlo simulations should be used to analyze radiation tracks, to investigate the origin of
a patchwork pattern of large DNA deletions [5], or to investigate chromatin structural
changes using Hi-C methods that cannot be detected from genome sequences. In the study
of long-term metabolic effects of radiation, the influence of mitochondrial activation
should be investigated by measuring ROS levels, and the detection of SASP factors and
the investigation of which secretory factors are expressed at what levels is necessary to

study the long-term effects on normal surrounding cells not directly exposed to radiation.
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Finally, I would like to mention leukemia in survivors of the atomic bombings of
Hiroshima and Nagasaki. Leukemia often occurred after a latency period of 6 to 7 years
after exposure, and solid cancers increased in a dose-dependent manner over a latency
period of 10 to 40 years after the leukemia peak. Despite the fact that more than 70 years
have passed since the atomic bombings, it is known that the risk of solid cancers in atomic
bomb survivors remains high [6]. Radiation research in the biological field should be
applicable to accurately assess the long-term health effects of atomic bomb survivors or
residents near the Fukushima Daiichi nuclear power plant who may be faced with anxiety
of radiation exposure resulting from the accident. I believe that my work in this thesis
brings us one step closer to elucidating the long-term genetic and metabolic effects of

radiation.
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