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Abstract J

In order to clarify the mechanism of cellular responses
to ionizing radiation, we have developed a single cell
tracking technique using Fucci cells for a long-term
observation after exposure. The results showed that
irradiated cells could be divided into two populations:
one with a normal cell cycle and another displaying
prolonged phases. Based on these findings, we propose
that an underlying switch mechanism is involved in
cell-cycle regulation. Further, we performed selective
exposure to cells of a specific cell cycle using synchrotron
X-ray microbeam. The results suggested that, not only the
irradiated cells, but also non-irradiated cells surrounding
the exposed cells also undergo cell cycle arrest. This is a
novel “bystander” effect which has not been known yet.
To clarify whether DNA damage could induce genetic
instability, a human chromosome with DNA lesions was
transferred into non-irradiated mouse recipient cells.
We found that the instability not only of the irradiated
human but also non-irradiated mouse chromosomes is
highly induced in the progeny cells. We have collaborated
with a French group to explore the change of secondary
structure of histones in chromosomes extracted from
X-ray irradiated cells. The protein samples were analyzed
by circular dichroism spectroscopy, and obtained spectra
showed an increasing amount of a-helix structure in
the protein. These findings suggest that the secondary
structural change of histones is induced by chemical
modifications, such as enzymatic phosphorylation,
and is involved not only in the recruitment of certain
DNA-repair proteins to the damage site, but also in the
epigenetic memories of irradiation.

1. Background )

According to the suggestions of the evaluation
committee, we have revised and substantially shifted our
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Fig.1 Fluorescence micrograph of HelLa-Fucci cells

Cell nuclei emitted red and green fluorescence,
corresponding to the G1 and S/G2 phases, respectively.
The graph shows the time-dependence of fluorescence
intensity for a single cell. The cell underwent cell division
after 17 h of culture, as shown by the rapid decrease of
green fluorescence. After cell division, the fluorescence
intensity of only one of the daughter cells was plotted.

previous research target from simple model molecules
to living cells. We set a new aim of the research program
on understanding the cellular responses to irradiation,
particularly trans-generational effects which are
thought to be strongly involved in radiation-induced
carcinogenesis. It is a long-standing question how cells
keep the “memory” of radiation exposure even after
DNA damage is repaired and the cells undergo cell
divisions. To approach the subject from various angles,
we have enforced three projects as shown below.

2. Contents of the study )

2.1 Single cell tracking of X-irradiated cells
To explore the effects of X-irradiation on mammalian
cell cycle dynamics, we tracked single cells using the

fluorescent ubiquitination-based cell cycle indicator
(Fucci) technique (Fig. 1) [1]. Human cancer cells (HeLa)
expressing Fucci were used to visualize cell cycle
modifications induced by irradiation. After exposed to 5
Gy X-rays, fluorescent cell images were captured every
20 min for 48 h using a fluorescent microscope. Time
dependence of the fluorescence intensity of S/G2 cells
was analyzed to examine the cell cycle dynamics of
irradiated and non-irradiated cells (Fig. 2). To facilitate
comparison, the profiles were justified to the time of the
first cell division, which was designated as time zero
and is the minimum recorded fluorescence value. It
should be noted that the X-irradiation treatments appear
at various points on the fluorescence profiles due to the
normalization of cell division. The results showed that
irradiated cells could be divided into two populations:
one with similar cell cycle dynamics to that of non-
irradiated cells (Fig. 2-3), and another displaying a
prolonged G2 phase (Fig. 2-4) [2].

The finding strongly indicates that an underlying
switch mechanism is involved in cell cycle regulation.
Mitosis is initiated by disruption of the nuclear
membrane, which is induced by activation of the cyclin-
dependent kinase (Cdc2) and cyclin B complex. A
protein-tyrosine phosphatase (Cdc25) activates the
complex by dephosphorylation of Cdc2. However, when
a cell is exposed to ionizing radiation, various activated
kinases, such as ATM or ATR, activate Chkl and Chk2,
which are thought to regulate cell the cycle check-
points through down-regulation of the phosphorylation
of Cdc25. One possible mechanism underlying the
appearance of the two types of cell populations is that
cell cycle switching from the “ON” to “OFF” state may
be sharply induced by increased phosphorylation of
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Fig.2 Time-dependence of Fluorescence intensity of each HelLa-Fucci cell in a population
In the left panel, 1 and 2 show X-ray-non-irradiated and irradiated cell population. The right panel indicates the irradiated
cells showing an interval between the first and second cell division longer (3) or shorter (4) than 21 hours.
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Fig.3 Predicted switching mechanism of cell cycle
regulation

Cell cycle progresses when Cdc?2 is activated with
dephosphorylations of two of the three phosphorylation
sites by Cdc25. The number of phosphrylation in Cdc2
shows inverse sigmoid function of the concentration of
the phosphorylated activated Cdc25, rusulting transition
between the two states, namely cell cycle progress and
arrest. C is a transition concentration of the two states.
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Fig.4 The positioning film pattern

The film consists of 196 combination of O and A. When
using a low-power objective lens (x20), one of the patterns
comes into the microscopic fields. Thus the points of origin
for different microscopes are is confirmed easily.
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Fig.5 Time course of cell divisions in a micro-colony of
HeLa-Fucci cells after X-ray microbeam exposure

In the panel of just after exposure, “Oh” , the square shows the
exposure area of 20 um x 20 um at a G1 cell. The irradiated
cell is indicated by “ 1~ through the all panel. Apoptotic cells
are indicated by “<” .

Cdc2 when the concentration of phosphorylated Cdc25
falls below a certain threshold value, as shown in Fig.
3 [3]. The mechanism of such an “ON-OFF” switch for
cell fate would attract considerable attention in the field
of systems biology.

Further, we have performed single cell irradiation
using an X-ray microbeam provided from the Photon
Factory, KEK, and observed the cell cycle of irradiated
and non-irradiated “bystander” HeLa-Fucci cells [4, 5].
After microbeam exposure, the irradiated cell dish was
transferred from the microscopy stage of the beamline to
an off-line microscope which equipped with an incubator
for cell culture. The position of the irradiated cells in
the dish should be exactly reproduced in the second
microscope. To realize this robustly, we designed a
special film for the position tuning. On this film, regular
patterns consisting of combinations with ® and A were
printed as shown in Fig. 4. Each pattern functions as a
“digit”. The “digits” observed in both microscopic fields
provide telling clues about the misalignment between
the two microscopes. This film allowed us to apply a
fluorescent microscope equipped with a fully automatic
time-lapse system for cell observation.

Fig. 5 shows a typical result of a live cell image of
microcolony of HeLa-Fucci cells in which only one cell
was exposed to X-ray microbeam. The cell irradiated at
G1 phase (red) prolonged its cell cycle, and underwent
apoptosis at 48 hours after exposure. Some of other cells
in the colony also showed cell cycle arrest or apoptosis.
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Fig.6 Pedigree analysis of X-ray microbeam irradiated cells
Cells in G1 phase, G2 phase and intermediate between the phases are shown by red, green and yellow bars, respectively.
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Fig. 6 shows the pedigree trees of the control, irradiated,
and non-irradiated (bystander) cells where cell divisions
are shown by branches. Irradiation prolonged each cell
cycle period as shown by extended bars in the figure.
Some of the cells underwent apoptosis or cell fusion.
Interestingly, many of the bystander cells considerably
prolonged their cell cycles in second G1 phase. This
is the first evidence showing that cell cycle arrest is
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Fig.7 Transfer of damaged DNA by a microcell fusion method
Microcells containing a human chromosome were exposed
to UV-A, and then transferred to unirradiated mouse cells.
The cells were cultured, and many clones with a stable cell
division. function were selected. The chromosome aberrations
caused microscopically observed in the cells were analyzed.
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Fig.8 Typical chromosome aberrations microscopically observed

Human and mouse chromosomes are indicated by red and blue, respectively. Yellow arrows shows centromeres. Normal
human (A) and mouse chromosome (B) are shown in the upper panels. Abnormal fusion chromosomes consist of a mouse
and human chromosome (C), two human chromosomes (D), two (E) and three mouse chromosomes (F) are shown in the

lower panels.
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induced in not only irradiated but also non-irradiated
(bystander) cells [5]. These results indicate that the
single cell tracking is a powerful method to analyze the
various cell fates in a population exposed.

2.2 Chromosome instability induced by DNA damage
As one of genetic effects through multiple times of

cell division, chromosome aberrations are rarely induced
in the progeny cells after ionizing irradiation. This is
known to be “genetic instability” strongly involved in
induction of late radiation effects such as carcinogenesis.
The detailed mechanism of it, however, has not been
fully understood yet. In this project, we focused on DNA
damage as a trigger of the instability, particularly DNA-
base damage which might persist even after repetition
of cell division. The bases normally work as elementary
unit of genetic code in DNA, and we previously reported
that artificially-introduced multiple base lesions raise
mutation frequencies [6]. In addition to causing DNA
damage, irradiation could also induce damage of
cytoplasmic organelles. To exclude the cytoplasmic
effects, we applied a micro-cell fusion method to
observe genetic instabilities induced only by the DNA-
base damage [7].
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Sub-cellular small structures including one human
chromosome called microcells were irradiated and then
transferred into non-irradiated normal mouse cells (Fig.
7). The human chromosome was considerably different
from those of the mouse cell, thereby the exposed
human chromosome was easily distinguished from
non-irradiated mouse chromosomes. It was confirmed
beforehand that the normal chromosome transfer
did not induce any genetic instabilities. Ultraviolet
light (wavelength: 365 nm) called UV-A was used as
an irradiation source, because it has been known to
preferentially induce the same sort of DNA-base lesions
as those induced by ionizing radiations. The exposed
cells were cultured for more than 20 days or a month to
obtain various clonal cell lines that stably underwent cell
division.

The analysis of the chromosomes in the clones
revealed that certain types of aberrations such as
fusion between normal mouse chromosomes were
frequently induced, in addition to fusions between
the human chromosomes, or the human and mouse
chromosome (Fig. 8). The efficiency of chromosomal
aberrations increased with increasing UV-A dose (Fig.
9). Furthermore it was observed that the number of
chromosomes in the clone cells abnormally increased
from the normal number of 43 to twice or more
chromosomes.

These evidences indicate that a novel mechanism of
signal transfer from the damaged to normal chromosomes
could result in the genetic instability in the non-irradiated
cells. Detailed investigation will be needed to reveal the
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Fig.9 Frequencies of cells harboring
chromosomal aberrations
Open and closed columns show the frequencies
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chromosomes, respectively. The cell numbers
show each clone used.
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mechanism of the signal transfer in future study.

2.3 Epigenetic changes of the histone protein structure
in X-ray irradiated cells.
Recently it has been gradually recognized that

chemical modifications of DNA binding proteins, such
as histones, in chromatin architecture play various roles
in DNA damage responses in a living cell exposed to
ionizing radiation. Particularly, phosphorylation or
ubiquitination of histones is known to be enzymatically
induced at DNA double strand break (DSB) sites
prior to DSB repair. Although X-ray crystallography
has accumulated structural data of various histone
proteins so far, conformational changes induced by
the chemical modifications have not been studied. The
modifications might change the accessibility of repair
protein machineries to DNA damage site. In order to
experimentally elucidate this, we have collaborated with
a group of Univ. Paris-Sud by making full use of the
competitive funds of JAEA, “REIMEI”.

After HeLa cells were exposed to X-rays, histone
H2A/H2B complex was extracted from the cells by a
commercially biochemical kit. The histone solution
was analyzed by circular dichroism (CD) spectroscopy
using photons in a wide energy region from vacuum-UV
(VUV) to UV provided at the French synchrotron facility
(SOLEIL). CD spectrum reflects relative abundances of
protein secondary structures, namely a-helix, B-strand,
turn or random. There is no need for preparing crystal
samples for CD measurements. Solutions, which are
rather close to a physiological condition, can be used as
samples. We performed two beamtimes in March and
September in 2014.

Fig. 10 shows typical CD spectra of histone H2A/
H2B complex extracted from X-ray irradiated, and
non-irradiated (control) cells. The CD intensity was
significantly enhanced at 190, 208 and 222 nm for the

K10 BHERUIFERFHEEISHELLERANH2A/H2BES
D CDARI KL

BTF—Y R, BB OMEREISHEL LY VO BZHE
& U TARWEREIDOREROFIIE S (EEREE R,

Fig.10 CD spectra of histone H2A/H2B complex extracted
from X-ray irradiated and non-irradiated cells

Each data point was the mean values obtained by several
independent experiments using samples prepared from
cells with two different passages.
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sample prepared from irradiated cells when compared
with that from non-irradiated cells. The relative
abundance of secondary structures calculated by a
CD analysis software (BeStSel) are listed in Table 1.
The content of a-helix for the sample from irradiated
cells increased by about 20% when compare to that
from non-irradiated cells, on the other hand, the other
structures decreased. In order to confirm that the
spectral change was not induced by radiation damage
to histone proteins, we exposed histone solutions to
X-rays, and then performed CD measurements. Contrary
to the case of cell irradiation, the content of a-helix
considerably decreased presumably by the effect of
protein damage. Hence we conclude that the significant
increase of a-helix component was a result of chemical
modifications of the histones in irradiated cells [8].
These results suggest that histone proteins are subject to
epigenetically chemical modifications in the chromatin
architecture when DNA damage is induced. This could
trigger the DNA damage repair processes.

3. Importance of the result and its impact )

We made three major achievements, namely (1)
establishment of single cell tracking technique to
visualize individual cells, (2) finding that DNA damage
induces genetic instability even in non-irradiated
normal chromosomes, and (3) in addition to DNA
damage, epigenetically chemical modifications would
cause structural changes in chromatin proteins. These
new aspects may bring a shift in radiobiological
research field. Further, it is expected that the new
methodologies proposed in the present study will
provide novel approaches in mechanistic studies to
reveal carcinogenesis process by low dose irradiations.

&1 CDARIMIDSHEILEDFBLIREERSD

Table1 Fraction of each secondary structure calculated
from the CD spectra

Unirrad. (%) Trrad. (%)
o-helix 376 456
Antiparallel -strand 8.6 6.1
Parallel p-strand 2.8 0.6
Turn 12.1 a1l
Others 39.0 38.5
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4. Perspectives py
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Based on the aspects obtained in the present study,
we extend the single cell tracking technique to
various targets including gene or protein profiling.
Novel imaging techniques to monitor these genetic or
epigenetic states, such as phosphorylation of specific
proteins will be explored to track the activation (or
inactivation) of cell functions in a single cell level. The
cell cycle arrest is thought to be a mechanism to stall
for time on DNA damage repair in irradiated cells.
Challenge to be addressed in future study is to reveal
how the radiation memory is transferred to daughter
cells after releasing from cell cycle arrest, and finally
resulting in genetic instability. The role of the epigenetic
regulations by chemically modified proteins should also
be clarified in terms of their structural changes.
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