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Heavy-ion-beam mutagenesis is generally recognized
as an effective method for mutation breeding.1,2) Al-
though this method was greatly successful with plants,
its application is limited for animals. Therefore, we
plan to acquire more basic data to set up optimal condi-
tions for the heavy-ion-beam irradiation system by using
Drosophila melanogaster (fruit fly) as the model.

In our previous study, we determined the suitable con-
dition for the large-scale screening of mutant lines of
heavy-ion-beam mutagenesis.3) To elucidate the biolog-
ical effect of heavy-ion-beam irradiation on the genome,
we established several mutants that expressed typical
phenotypes on eyes, wings, bodies, and bristles by a
carbon-ion beam irradiation.

In this report, we show the analysis of data obtained
from the whole-genome sequence of the mahogany (mah)
mutant. The mutant eye color is darker than that of the
wild type (Figs. 1a, b). This mutant line was established
by the condition with 50 keV/µm linear energy transfer
at 10 Gy dose level. Whole genome analysis revealed
that the causal mutation of mah was a large deletion
(Fig. 1c). An open reading frame of mah is 1,581 bp
and a 387 bp deletion was observed in the first exon of
a mah gene (Fig. 1c). An in-frame deletion produces a
mutated Mahogany protein from which 129 amino acid
residues were removed (Fig. 1c).

The role of the Mahogany protein (Mah) has an un-
known function. InterPro is a freely available database
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Fig. 1. Phenotype of the mahogany mutant and the result of
whole-genome analysis.

a) Wild type eye color is vivid red. b) The mutant
eye color becomes darker than that of the wild type. c)
The alignments of genome and protein sequences at start
and end sites of the deletion. The top line indicates the
cDNA sequence. The middle line indicates the numbers
of amino acid residues. The bottom line indicates amino
acid sequence. The red texts represent deleted regions.
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Fig. 2. Diagrams of protein domain analysis using InterPro
and deleted Mahogany protein.

a) A result data of domain analysis of Mahogany pro-
tein using InterPro database. The red box highlights the
deleted three transmembrane domains. b) A diagram of
wild type and deleted proteins of Mahogany. Full length
Mahogany protein consist of 527 amino acid residues.
The numbers indicate the numbers of amino acid residues
of the proteins. The deleted protein lacks 129 amino acid
residues (87–215).

used to classify protein sequences into families and to
predict the presence of important domains and sites.4)
InterPro analysis of the predicted protein Mah identified
11 transmembrane helices and a conserved domain found
in amino acid transporters (Fig. 2a). The deleted protein
lacks three putative transmembrane domains (Figs. 2a,
b). Both the amounts of ommochrome pigments and
pteridine pigments are decreased in classical mah mu-
tants.5) These results indicate that Mah function is re-
lated to both pigments transport in eye ommatidia.

Chemical mutagen mostly introduces point mutations
into genomic DNA. In this report, we confirmed that
heavy-ion-beam mutagenesis has diverse mutations, for
example small insertions, point mutations, small dele-
tions, and large deletions, in the animal genome. Cur-
rently, we are analyzing other mutants. The data will
be helpful for the elucidation of the biological effect of
heavy-ion-beam irradiation to the animal genome.
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Low-dose high-LET heavy ion-induced bystander signaling (IV)
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Radiation-induced bystander response (RIBR) is a
cellular response induced in non-irradiated cells that
received bystander signals from directly irradiated cells
within an irradiated cell population.1) RIBR induced
by low doses of high-LET radiation is an important is-
sue for the health of astronauts and in hadrontherapy.
Here, we investigated the underlying molecular mecha-
nisms and biological implications of RIBR induced by
such low doses of high-LET radiation.

We found that normal human fibroblasts cultured
confluent, which were harvested 16–24 h after exposure
to high-LET (1000 keV/µm) iron (Fe) ions, showed
the cell killing effect at low doses (≤ 0.2 Gy) higher
than that estimated by a linear extrapolation from
high doses. This enhanced cell killing effect could not
be observed in the cells harvested immediately after
irradiation.2) At 0.1 Gy, the average number of Fe-
ion traversals per cell nucleus was 0.11; however, the
surviving fraction was 0.84.3) These results suggested
that the enhanced cell killing effect at low doses was at
least partly caused by the induction of bystander re-
sponses. In addition, we established an optimal system
to assess the low doses of high-LET radiation-induced
bystander cell killing, and reported that gap-junction
intercellular communication (GJIC), cyclooxygenase-2
(COX-2), and nitric oxide (NO) were involved in its
signal transfer.3)

In our previous study using high-LET heavy-ion
microbeam and broadbeam,4) we showed that DNA
double-strand breaks (DSBs) and reproductive cell
death were induced by NO-mediated bystander re-
sponse in normal human fibroblasts. In addition, the
activation of NF-κB, Akt, and COX-2 by bystander
signaling depended on incubation time after irradia-
tion and presence of NO. In this study, we investigated
phosphorylation and accumulation of these bystander
signaling related molecules in the cells irradiated with
low doses of high-LET radiation.

Figure 1 shows phosphorylation and accumulation of
bystander signaling related molecules in normal human
fibroblasts, WI-38, irradiated with 0.1 Gy of 90 MeV/u
Fe ions (1000 keV/µm). WI-38 cells were cultured
on 25 cm2 plastic flasks for 1 week to form conflu-
ent monolayers and were pretreated with or without a
scavenger of NO, c-PTIO, (20 µM) 2 h before irradi-
ation with 0.1 Gy of Fe ions. Cells were harvested 3
and 6 h after irradiation followed by immunoblotting.
Phosphorylation of Akt at Ser473 and NF-κB p65 at
Ser536 and accumulation of COX-2 were observed in

∗1 Radiation Safety Research Center, Central Research Insti-
tute of Electric Power Industry

∗2 RIKEN Nishina Center

the cell 3 h after irradiation and were efficiently in-
hibited by pretreatment with c-PTIO. Phosphorylated
histone H2AX at Ser139 is widely used as a surrogate
marker of DSBs. Phosphorylated histone H2AX was
observed at 3 and 6 h after irradiation. Prolonged
phosphorylation of H2AX at 6 h after irradiation was
inhibited by c-PTIO, although phosphorylation at 3 h
was not suppressed. NO-mediated prolonged phos-
phorylation of H2AX also indicated the induction of
bystander responses. These results suggest that NF-
κB/COX-2/prostaglandin E2 and NF-κB/iNOS/NO
pathways1,5) are activated in the cells irradiated with
low doses of high-LET radiation.

Fig. 1. Phosphorylation and accumulation of bystander

signaling related molecules. Normal human fibrob-

lasts, WI-38, were pretreated with or without c-PTIO

(20 µM) 2 h before irradiation with 0.1 Gy of 90 MeV/u

Fe ions (1000 keV/µm). Cells were harvested 3 and 6 h

after irradiation followed by immunoblotting.
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