
The Research Center for Charged Particle Therapy (hereafter,

referred to as the Center) was established in 1993 when NIRS

completed construction of the HIMAC. Since then it has been car-

rying out clinical, biological and physics research using heavy

ions generated from the HIMAC.

In 2011, when the Third Mid-Term of NIRS was initiated, the

Center was reorganized to conduct research on heavy ion beams

using carbon ions and to develop more patient-friendly next gen-

eration heavy ion treatment systems. These will eventually contrib-

ute to the improvement of cancer cures and quality of life. The

Center is organized as: four research programs, the department

of physics(Director: Koji Noda, and the hospital (Director: Yutaka

Ando). Progress of research and practice in the fiscal year (FY)

2013 are summarized here for the following: 1) Research program

for carbon ion therapy and diagnostic imaging (Program Leader:

Hiroshi Tsuji); 2) Medical physics research program for develop-

ment of a novel irradiation system for charged particle therapy

(PL: Toshiyuki Shirai); 3) Advanced radiation biology research

program (PL: Takashi Imai); 4) Research Program for the applica-

tion of heavy ions in medical sciences (PL: Takeshi Murakami);

and 5) Hospital.

Research program for carbon ion therapy and diagnos-
tic imaging (PL: Hiroshi Tsuji)

This program consists of the clinical trial research team, applied

PET research team, applied MRI research team, and clinical data-

base research team. According to the long-term objectives, re-

search on developing advanced clinical therapy using carbon ion

beam was aggressively carried out in FY 2012 and FY 2013. The

clinical trial team has successfully treated quite large numbers of

patients each year by carbon ion radiotherapy (C-ion RT) and it

has continued clinical trials for pancreas, esophagus, uterus, kid-

ney, and breast cancers. A total of 888 patients were treated with

C-ion RT in FY 2013; that is a new record for the HIMAC. It could

be achieved mainly by the increase in capacity of scanning irra-

diation. Prostate, lung, head and neck, bone and soft tissue, liver

tumors, post operative pelvic recurrence of rectal cancer and

pancreatic cancer are the leading 7 tumor types in the trials. The

outcomes of C-ion RT in tumors that were hard to cure with other

modalities revealed quite high probability of local control, a sur-

vival benefit, and acceptable morbidity. In addition, clinical trials

for establishment of hypofractionated C-ion RT in common can-

cers, such as lung, liver, and prostate cancers have also been

successfully achieved. Recently, four operating carbon therapy

facilities in Japan, NIRS, HIBMC (Hyogo), GHMC (Gunma), and

HIMAT (Saga) organized a cooperative study group to collaborate

on standardizing carbon-ion therapy in various tumor entities. The

database research team developed a database system that can

store the integrated information of patients treated at all the institu-

tions of this study group, in collaboration with the clinical trial re-

search team. In addition, a conversion tool was developed which

is suitable for the different types of medical information of the re-

spective institutions. Some details of the research progress in FY

2013 are shown in the Highlight.

Medical physics research program for development of
a novel irradiation system for charged particle therapy
(PL: Toshiyuki Shirai)

This program consists of the beam delivery system research

team, treatment planning system research team, radiation effect

research team, experimental therapy research team, and image

guided radiotherapy research team. In FY2013, the number of the

patients at the new treatment facility increased to about 300 and

we have developed efficient daily and patient-specific QA meth-

ods for a 3D scanning irradiation system and an imaging system.

We have also prepared the scanning irradiation mode for a mov-

ing target, including establishment of a QA method, implementa-

tion of a field specific target volume using 4D-CT images into the

treatment planning system, and implementation of a markerless

fluoroscopic respiration gating system. Especially, a clinical trial of

the 4D-CT imaging system and the fluoroscopic respiration gating
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system have been successfully carried out. The detailed design

of a superconducting rotating gantry was finished and the con-

struction of the main body was started. Most of the superconduct-

ing magnets for the gantry were completed and they are now be-

ing evaluated regarding the magnetic field. The modeling of nor-

mal tissue responses in carbon-ion radiotherapy at HIMAC has

made good progress and results are shown in the Highlight. We

have examined the LET dependence of biological effects such as

the RBE and the OER within the SOBP carbon-ion beams in vivo.

These results are also presented in the Highlight.

Advanced radiation biology research program
(PL: Takashi Imai)

This program consists of the cancer system biology team, can-

cer metastasis research team, and radio-redox-response re-

search team. These teams use different approaches to address

the following research aims of the program. Many favorable out-

comes have been reported in clinical trials for carbon-ion radio-

therapy of several types of malignant tumors. However, some bio-

logical issues still remain to be resolved for the improvement of

long-term survival. We have focused on the following fundamental

issues. 1) Some tumor cells are pathologically indistinguishable

from others, despite sometimes showing radio-resistance. What

makes these tumor cells radio-resistant? 2) What causes distant

metastases after local treatment? Are the metastatic cells simply

overlooked before starting radiotherapy? If the metastatic cells

are affected by irradiation, what are the molecular mechanisms?

What types of tumor cells are susceptible to metastasis? How can

we detect and suppress distant metastases? 3) How do reactive

oxygen species generated by irradiation affect cellular functions?

Can radioprotective agents, such as anti-reactive oxygen spe-

cies, protect normal tissue surrounding tumor cells? Through

these studies, we have considered the effects of the genetic dif-

ferences in the subjects or the experimental materials such as cell

lines and mouse strains used on radio-sensitivity. Thus far, in the

study of molecular mechanisms in the invasive cells after irradia-

tion, we found that irradiation alters the invasive potential of par-

ticular pancreatic cancer cell lines via altering functioning pro-

tease expression and its activities, and it also affects mesenchy-

mal and amoeboid mode transition. We also showed that fibro-

blast growth factor-12 plays an essential role in radioprotective ef-

fects on intestinal radiation damage. The detailed reports includ-

ing this growth factor function and a newly identified radiorespon-

sive miRNA are highlighted elsewhere in this chapter.

Research Program for the application of heavy ions in
medical sciences (PL: Takeshi Murakami)

This program consists of the: (1) heavy ion radiotherapy promo-

tion team; (2) HIMAC research collaboration team; (3) cellular and

molecular biology research team; and (4) international radiother-

apy joint research team. This program mainly carried out the fol-

lowing activities in FY2013.

(1) Promotion of carbon ton radiotherapy

A wide range of knowledge and know-how is necessary for pro-

motion of carbon ion radiotherapy. Research and analyses were

carried out on technical developments, treatment procedures,

and the social environment as related to carbon ion radiotherapy.

The findings were assembled as review reports. Procedures to

transfer these results and know-how to new projects at NIRS and

other facilities such as in Saga and Kanagawa were also estab-

lished.

(2) Promotion of collaborative research, internationally and do-

mestically

Since 1994 the HIMAC has been made available to researchers

worldwide in the field of ion-beam sciences other than carbon-

beam radiotherapy. There are four experimental halls (Physics, Bi-

ology, Secondary beam and Medium-energy halls) as well as

three treatment rooms at HIMAC. During the daytime from Tues-

day through Friday, HIMAC is operated for patient treatments. At

nights and weekends the four halls can be used for various ex-

periments with ion beams. The latter framework is specified as

“The Research Project with Heavy Ions at NIRS-HIMAC”. The Re-

search Project with Heavy Ions at NIRS-HIMAC is a centerpiece of

collaborative research using heavy ions. Proposals exceeding

120 in number were accepted and carried out. The total beam

time of more than 5,000 hours was supplied to those research

studies. The research progress is highlighted elsewhere in this

chapter.

The International Open Laboratory is our other framework for

collaborative research. Two units of the IOL from its total of four

are involved.

Hospital, Research Center for Charged Particle Ther-
apy (Director: Yutaka Ando)

The Research Center Hospital for Charged Particle Therapy at

NIRS is unique in its specialization in radiotherapy for cancer.

There are 100 beds for inpatients, while 60 to 100 outpatients can

be handled daily. The diagnostic radiology department has one

CT-scanner with a 64-line detector, a 1.5 T MRI, a 3.0 T MRI, two

PET/CTs, and one gamma camera. The oncology department has

five fixed beam treatment rooms for carbon ion therapy (one verti-

cal beam room, one horizontal beam room and three both beam

rooms) and one linear accelerator for x-ray therapy. In March

2012, we implemented the Electronic Medical Record (EMR) sys-

tem and developed a simple input method for each patient’s find-

ings, symptoms, tumor responses, and toxic reactions that should

be estimated by the responsible physician during the clinical in-

terview.

Department of physics (Director: Koji Noda)
At present, the department of physics at NIRS is one of the most

active and leading departments of ion beam therapy related ap-

plied physics worldwide. Reliable operation of the HIMAC, a gi-

gantic accelerator system and continuous development of novel

techniques have been keeping us as the “center of excellence” in

this field for many years. Highlights of the department’s research

progress are shown later.

Research
on

CancerTherapy
with

Carbon
Beam

s

National Institute of Radiological Sciences Annual Report 2013 13



INTRODUCTION
In ion beam radiotherapy (IBRT), secondary neutrons are inevi-

tably produced because primary charged particles interact with

beam line devices and the patient. The secondary neutrons lead

to an undesired dose outside the target volume (out-of-field

dose). The out-of-field dose in IBRT is considerably lower than the

in-field dose; however, it should be considered for secondary can-

cer risk especially in younger patients who can be long-term sur-

vivors.

We have been continuing investigations of the out-of-field dose

in carbon-ion radiotherapy (CIRT) with a passive beam delivery

system. NIRS started CIRT with an active scanned delivery sys-

tem at the new treatment research facility in May 2011. In theory,

this system can reduce the production of secondary neutrons, be-

cause it does not require several beam line devices in which sec-

ondary neutrons can be produced. The purpose of this study was

to experimentally demonstrate the reduction. Therefore, we meas-

ured neutron ambient dose equivalents at the patient position dur-

ing CIRT with an active beam delivery system at the new facility.

The measured results were compared to those with a passive car-

bon beam and an active proton beam.

MATERIALS AND METHODS
Experimental setup

Fig.1 shows a photograph of the experimental setup. A water

phantom was placed to simulate the patient and the center of the

phantom coincided with the I.C. The center of the neutron rem

meter, WENDI-II was set at the I.C. height and on the I.C. line or-

thogonal to the beam axis. The measured positions, represented

as the distance between the I.C. and the center of WENDI-II, d ,

were 50, 100, 150 and 200 cm.

Scanning beam method

In IBRT with an active beam delivery system, a pencil beam is

scanned transversely by a pair of scanning magnets to cover the

target volume. Three different techniques are used for achieving

the depth-dose distribution in the target volume: range shifter

scanning (RS), energy scanning (ES) and hybrid depth scanning

(HS). At NIRS, the RS technique was used in the treatment for the

first year; at present, only the HS technique is used [1]. Measure-

ments for the RS and HS techniques were performed in this study.

Beam parameters

Table 1 shows the beam parameters used in this study. Case

Nos. 1, 2, 4 and 5 were selected to follow those of our previous

Fig.1 Photograph of the experimental setup.
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Table 1 Beam parameters used in this study.

Case
No.

Max. beam energy
[MeV/u]

Irradiation volume
[mm3]

1 290 58×50×60

2 290 58×50×120

3 290 100×100×60

4 400 58×50×60

5 400 58×50×120

6 400 100×100×60

7 350 100×100×100
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work [2] so that the doses of the active scanned and passive

beams could be directly compared. Case Nos. 3 and 6 were se-

lected to compare the doses when the irradiation volume was dif-

ferent. Case No.7 was selected to compare the doses with active

carbon-ion and proton beams. The measured neutron ambient

dose equivalents with the 177 MeV proton beam at the spot scan-

ning beam line of the Paul Scherrer Institute (PSI) have been re-

ported [3]. In the present study, the maximum target depth was

set to 20.7 cm, which was the same as in [3].

RESULTS AND DISCUSSION
Neutron ambient dose equivalent at patient position

Fig.2 shows the measured neutron ambient dose equivalents

per treatment dose, H ＊(10)/Dt, for the beam parameters of Case

Nos. 4-6 shown in Table 1, together with those with a passive

beam [2]. When the irradiation target was the same, the measured

H ＊(10)/Dt with the active beam was at most about 15% of that with

the passive beam. This percentage became smaller at larger dis-

tances from the I.C. The values of H ＊(10)/Dt at d =150 and 200

cm with an active beam were as little as 2% of that with a passive

beam. This tendency was expected to be due to the presence of

two kinds of secondary neutrons: internal and external neutrons.

Theoretically, the numbers of external neutrons, which are pro-

duced outside the patient by the interactions between charged

particles and beam line devices, are greatly reduced by using an

active beam compared to a passive beam, while the production of

internal neutrons in the patient does not differ greatly between ac-

tive and passive beams. Since internal neutrons are produced

strongly in the forward direction due to the direct reaction proc-

ess, their dose is higher at the positions closer to the irradiation

target. Thus, the difference in H ＊(10)/Dt between active and pas-

sive beams was larger at larger distances from the I.C.

Fig.3 compares the measured neutron ambient dose equiva-

lents in CIRT and proton radiotherapy with active scanned beams

[3]. H ＊(10)/Dt for the carbon-ion active beam was comparable to

that for the proton beam. This similarity in H ＊(10)/Dt was not ob-

served for the passive beams: when using a passive beam, H ＊

(10)/Dt in CIRT was more than 2 times lower than that in proton ra-

diotherapy [2]. Neutron doses of passive beams basically vary

with the facility, because external neutrons, which depend on the

operational beam setting and the design of a beam delivery sys-

tem, strongly contribute to the dose. By contrast, the facility de-

pendency for active beams should be lower, because neutrons

are mainly produced in the patient. Therefore, the facility depend-

ency is one of the reasons for the difference in passive beams.

Additionally, there was a difference in the detector response be-

tween WENDI-II and the conventional rem counter, LB6411, which

was used in [3]. In principle, WENDI-II has a higher response than

LB6411 in most energy ranges. In addition, LB6411 has quite low

response in the energy range above 20 MeV, and consequently

the results of the measurements with LB6411 might be underesti-

mated. Further measurements with a dosimeter with a response in

the high energy range such as WENDI-II are required to compare

H ＊(10) between carbon-ion and proton beams.

CONCLUSION
The neutron ambient dose equivalents at the patient position in

CIRT with an active scanned beam were measured in the NIRS

treatment room. These results demonstrated that the use of an ac-

tive scanned beam in CIRT as well as proton radiotherapy can

greatly reduce the secondary neutron dose. It was found that the

neutron dose per treatment dose for the carbon-ion active beam

was comparable to that of the proton beam. In addition, the HS

technique could improve the out-of-field dose as well as the beam

quality. Currently, NIRS is trying to implement the ES technique

into actual patient treatments. This implementation will lead to a

further reduction in the out-of-field dose.

Fig.2 Measured H＊(10)/Dt in CIRT along with passive beams [2]. The leg-

ends represent the beam parameter Case No. in Table 1 and the ir-

radiation technique.

Fig.3 Comparison of H＊(10)/Dt in carbon-ion and proton radiotherapies

with active scanned beam [3]. Here, the number of protons for the

irradiation dose of 1 Gy into a box target of 100×100×100 mm3

was 8.61×1010. Also, the RBE in proton radiotherapy was assumed

to be 1.1.
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Introduction
Heavy-ion cancer therapy using the Heavy-Ion Medical Accel-

erator synchrotron in Chiba (HIMAC), Japan, has been adminis-

tered to more than 8000 patients since 1994. A new treatment us-

ing a three-dimensional irradiation system with pencil-beam scan-

ning was started in May 2011 to enhance the treatment quality

through precise dose control [1,2]. Positron Emission Tomography

(PET) imaging using 10/11C beams has been expected to allow for

further accurate control of the irradiation field during scanning ir-

radiation. For that reason, 10/11C beam production was carried out

by using a projectile fragmentation process between incident 12C

beams and a Be target. However, it was found that the method

had undesirable characteristics, such as wide momentum

spread, large emittance, and low beam rate due to the low yield of

the reaction. To overcome those disadvantages and realize the
10/11C beam production, we have proposed a method whereby
10/11C ions are produced from radioisotope gases by using an ion

source and then subsequently accelerated for cancer treatment.

10/11C ion production system
Fig.1 shows a conceptual diagram of the HIMAC and a 10/11C ion

production system. The 10/11C ion production system is composed

of an ion source, a 10/11C Molecule Production/separation System

(CMPS), and a small cyclotron. A boron compound target in the

CMPS is irradiated by proton beams delivered by the cyclotron to

produce 10/11C molecules by means of the 10/11B(p,n) 10/11C reaction.

The CMPS separates the 10/11C molecules from impurities and pro-

vides them to the downstream ion source. The ion source needs

to produce 1011 10/11C ions to provide the necessary number of 1010

10/11C ions to the treatment room. If the ion source in the system has

an ionization efficiency of the order of ～1%, 1013 10/11C molecules

have to be produced by the CMPS. It is also necessary for the

CMPS to reduce the number of impurities to the same level as the

number of 10/11C molecules.

Development of the 10/11C molecule production and
separation system

We are developing the CMPS to achieve those requirements. In

the CMPS, a cryogenic technique is employed to separate the
10/11C molecules from other impurity molecules. Moreover, the tar-

get is irradiated in vacuum to reduce the impurities. Hence, the

method requires that the target is a solid-state material.

As a first step in the development, we investigated the solid-

state target suitable for proton irradiation use. We found that vola-

tile 11CH4 molecules could be directly produced and collected by

using a sodium borohydride (NaBH4) target and 30% of the total

number of produced 11C nuclides could be effectively collected

due to their volatility. We also confirmed that the necessary num-

ber of 11CH4 molecules could almost be achieved (�5×1012) by

the 20 min irradiation with 18 MeV, 18 μA proton beams. From

these findings, NaBH4 targets are expected to be applied in the

new method for production and separation of 10/11C molecules [3].

Based on those results, we started the design and development

of the CMPS in 2013. Fig.2 shows a schematic diagram of the

CMPS. 10/11CH4 molecules produced by the proton irradiation move

around in the vacuum chamber. The CMPS separates the CH4

molecules from the impurities using the vapor pressure differ-
Fig. 1 Conceptual diagram of the HIMAC

and 10/11C ion production system.
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ences among molecular species. The CMPS includes a main trap

and an impurity trap, which are refrigerated by a cryocooler. The

impurity trap reaches about 100 Kelvin and captures and con-

denses molecules that have relatively low vapor pressure, such as

CO2 and H2O. On the other hand, the main trap can capture and

condense molecules with high vapor pressure, such as N2 and

CH4, owing to its low temperature of about 20 Kelvin. By using a

heater installed below the main trap, we can arbitrarily control the

temperature of the main trap and selectively extract the CH4 mole-

cules. Existing molecules in the CMPS can be determined with a

quadrupole mass spectrometer (QMS). Fig.3 shows the mass

spectra for three different temperatures of the main and impurity

traps. The most conspicuous spectrum peak of the room tem-

perature chamber was H2O+ because H2O molecules were re-

leased as outgas from the volume separator made of glass epoxy.

With decreasing temperature, absolute pressure was decreased

and most of the spectrum peaks became smaller. We confirmed

that CO2 and H2O could be effectively removed by decreasing the

temperature of the impurity trap.

We performed preliminary experiments using non-radioactive

methane (12CH4) gas to investigate separation performance. Fig.4

shows the results of the separation experiment using nitrogen gas

as the impurity. Temporal evolutions of analyzed ion current ob-

tained by QMS are plotted for CH3
+ (M =15) ions and N2

+ ions (M =

28) in the upper graphs. The lower graphs show the temperature

variation of the main trap. First, the trap temperature was in-

creased from 35 Kelvin to 50 Kelvin. On reaching 40 Kelvin,

evaporation of the N2 molecules started and the N2 signal could

be detected. After sufficient evaporation, the trap temperature

was increased again. On reaching 55 Kelvin, current signals of

the methane ions could be detected. By estimating the area ratio

of SN2/SCH4, we found twenty-fold impurities of nitrogen ions could

be successfully separated from methane ions.

Strategy towards 10/11C ion production
Based on these findings obtained so far, we started the devel-

opment of the ion source in the spring of 2014. To achieve the

ionization efficiency of ～1%, we are planning to employ an elec-

tron impact ion source using filaments. The filament ion sources

are commonly used for vacuum gages or mass spectrometry in-

struments. Principal features of the ion sources are small size and

capability to operate in an ultra-high vacuum. Owing to this small

size, the ion source can be installed in the CMPS. Consequently,

we can avoid the reduction of molecular transport efficiency from

the CMPS to the ion source. We can also reduce the amount of im-

purities by combining the CMPS and the ion source and decreas-

ing the total volume of the 10/11C ion production system. The fila-

ment ion source can effectively produce single charged methane

ions (CH4
+, CH3

+, etc.) when the electron energy of the filament ion

source is about 70 eV. Those single charged ions must be further

ionized to provide them as C2+ ions to the downstream accelerator.

We will consider using charge breeding techniques or a charge

stripping method with electrostatic acceleration to achieve even

further ionization.

Fig. 2 Schematic diagram of 10/11C molecule

production/separation system.

Fig. 3 Mass spectra measured by QMS.

Fig. 4 Results of the separation experiments.
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Introduction
Although the mortality rates of uterine cervical cancer have

steadily decreased during the past 30 years with the introduction

of Papanicolaou smear screening, uterine cervical cancer still re-

mains the third most common cancer affecting women worldwide.

Notably, the incidence and mortality rates of squamous cell carci-

noma are declining. On the other hand, the incidence rates of

adenocarcinoma and adenosquamous cell carcinoma have been

increasing in many countries despite being relatively uncommon

histologic subtypes of cervical cancer.

In the treatment for locally advanced carcinoma of the uterine

cervix, cisplatin-based concurrent chemoradiation therapy

(CCRT), including intracavitary brachytherapy (ICBT), has be-

come the standard therapy according to the results of several ran-

domized phase III clinical trials. However, the majority of patients

participating in those studies had squamous cell histology; ade-

nocarcinomas represented only approximately 10% of the pa-

tients enrolled, and adenocarcinoma of the uterine cervix is more

radio-resistant than squamous cell carcinoma. Thus, CCRT for

adenocarcinoma of the uterine cervix is still unsatisfactory and the

treatment of locally advanced adenocarcinoma is in need of even

more aggressive therapy.

To evaluate the toxicity and efficacy of C-ion RT for locally ad-

vanced adenocarcinoma of the uterine cervix or corpus, we con-

ducted a phase I/II trial (Protocol 9704) between April 1998 and

January 2010 (Fig.1). This highlight describes the clinical out-

comes of adenocarcinoma of the uterine cervix in this trial, ex-

cluding cases of the uterine corpus.

Results and Discussion
Between April 1998 and February 2010, 55 patients with locally

advanced adenocarcinoma of the uterine cervix (Protocol 9704)

were treated with carbon-ion radiotherapy (CIRT) (Fig.2) [1]. The

numbers of patients with stage IIB, IIIB, and IVA disease were 20,

33, and 2, respectively. All patients with stage IVA had bladder in-

vasion but no rectal invasion. Tumor size was 3.0-11.8 cm in maxi-

mum diameter (median 5.5 cm), and that of stage IIIB and IVA

cases was 3.5-9.2 cm (median 5.8 cm). Histologically, 45 of 55

patients had adenocarcinoma and 13 patients had adenos-

quamous cell carcinoma. Twenty-four of the 55 patients had pel-

vic lymph node metastases. Seven of 55 patients received 62.4-

64.8 GyE, 10 patients had 68.0 GyE, 21 patients had 71.2 GyE

and 17 patients had 74.4 GyE. Overall treatment time (OTT)

ranged from 32 to 40 days, with a median of 35 days. Median

follow-up duration was 38 months (range, 7 to 141 months).

The 5-year local control rate, local control rate including sal-

vage surgery, and overall survival rate in all stage cases were

54.5%, 68.2% and 38.1%, respectively (Fig.3). In stage IIIB and

IVA cases, the three rates were 57.9%, 69.2% and 42.4%, respec-

tively. Several studies have reported treatment outcomes of ade-

nocarcinoma of the uterine cervix treated with RT or CCRT (Table

1). Niibe et al [2]. reported a 5-year local control rate of 36% for

stage IIIB by RT alone or CCRT. Grigsby et al. [3] reported 33%

for stage III adenocarcinoma of the uterine cervix by RT alone.

Huang et al. [4] reported 58% for stage III and 48% for stage IB-

IIA bulky (> 4 cm) by RT alone or CCRT. In the present study, the 5

-year overall local control rate for stage IIIB or IVA was 57.9%Fig.1 History of Protocol for Uterine Adenocarcinoma
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even though the median tumor size of our cases was 5.8 cm (3.5-

9.2 cm). Although the number of patients in this study was small,

the local control rate was relatively better than those of the con-

ventional RT or CCRT studies.

On the other hand, the overall survival rate was less than satis-

factory in this study (2-year: 65.5%, 5-year: 38.1%), even though

the local control rate for bulky tumors was relatively favorable.

Several researchers [4,5] showed that locally advanced adeno-

carcinoma of the uterine cervix had poor prognosis, with 5-year

survival rates being only 25-29%. It was suggested that the rea-

sons were poor local control and greater distant metastases. Hu-

ang et al. [4] reported a 5-year distant metastasis rate of 46% for

stage III patients after RT alone or CCRT, and Eifel et al. [5] re-

ported that 45% of patients with stage IIB or III showed distant

metastases after RT. In the present study, 2-year and 5-year cu-

mulative distant metastasis rates were 49.4% and 64.8%, respec-

tively. These rates were higher than those in the other studies be-

cause our patients did not receive concurrent chemotherapy, tu-

mor size was larger than in the other studies, and the overall sur-

vival rate was also higher. Thus, to improve the distant metastasis

and local control rates, the use of chemotherapy in combination

with CIRT should receive further consideration.

All of the observed acute and late toxicities are listed in Table 2.

Although 24 patients developed acute GI and 12 patients had

genitourinary (GU) toxicity (grade 1-2), all patients completed the

scheduled therapy except one who was finally excluded from this

study because of ischemic enteritis and bowel perforation during

CIRT (64.8GyE for 18 fractions). This patient underwent surgery,

and the site of the ischemic enteritis and bowel perforation was

proven to be outside of the irradiation area. No patient developed

grade 3 or higher acute toxicity in the GI tract or GU tract. Late GI

or GU toxicity was found in as many as 16 patients (27.6%) but

the toxicity was grade 1 or 2 (except one case). One patient de-

veloped a grade 4 rectal complication, which was surgically sal-

vaged. This case had uncontrolled severe diabetes mellitus (DM).

Conclusion
The number of patients in this study was small (55) and it was a

dose escalation study, but the local control rate, although still un-

satisfactory, was relatively better than in conventional studies. In

addition, distant metastases also frequently occurred, so the over-

all survival rate was less than satisfactory. On the basis of these

results, we are now conducting a new clinical trial of CIRT with

concurrent chemotherapy for locally advanced adenocarcinoma

of the uterine cervix.

Fig.2 Treatment schedule of C-ion RT

Fig.3 Local control rate, local control rate including salvage sur-

gery, and overall survival rate in all cases

Table 1
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Table 2 Acute and late toxicities

N
Acute (CTCAE ver 3.0)

G0 G1 G2 G3 G4 G5

GI tract 55 32 20 3 0 0 0
GU tract 55 51 11 0 0 0 0

Skin 55 30 8 0 0 0 0

N
Late (RTOG / EORTC)

G0 G1 G2 G3 G4

GI tract 55 43 10 2 0 1
GU tract 55 45 5 5 0 0

Skin 55 57 1 0 0 0

GI: gastrointestinal. GU: genitourinary
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Dose to be prescribed in radiation therapy are in principle de-

signed in order to achieve a uniform anti-tumor effect throughout

the target region. At HIMAC, HSG, an experimental cell line origi-

nating from human salivary gland tumor, has been used as a ref-

erence in the design. It should be noted, however, that the dose

actually delivered to the tumor is sometimes limited if surrounding

normal tissues develops any unacceptable side effect even if fur-

ther irradiation is desired from the viewpoint of the tumor control.

This suggests that precise understanding of the normal tissue re-

sponse is the key for optimized radiation therapy. The modeling of

normal tissue response is, however, far more complex in compari-

son to that of tumor control, mainly due to the vast variation in bio-

logical end point referred to as the “side effect”, as well as vari-

ation in dose and radiation quality given in each case. In this re-

spect, our Radiation Effect Research Team has been tackling the

modeling of various normal tissue responses mainly in C-ion RT at

HIMAC. The achievements in this context in 2013 are described in

this highlight.

Skin
The degree of the skin reaction has been evaluated by intro-

ducing the diagnostic score which is evaluated by a medical doc-

tor into discrete grades. We are trying to establish a quantitative

and objective evaluation of the skin reaction.

Within a treatment protocol, the skin reaction is expected to be

numerically expressed as a function of red inflammation. Red in-

flammation of skin is due to expansion of capillaries and incre-

ment of blood flow because of the biological repair reaction.

Therefore, hemoglobin which is the color element of blood is con-

sidered to essentially relate to the degree of the red inflammation

of skin. Two kinds of non-invasive techniques to measure hemo-

globin have been developed. One is color element decomposition

on an image using independent component analysis (ICA) [1]

which is a multivariate statistics method. For this, skin color in a

digital image is decomposed into hemoglobin, melanin, and oth-

ers as relative values. The other technique uses a commercially

available laser flow meter. The laser flow meter measures the re-

flected intensity of the laser on the skin and the modulated wave-

length due to the Doppler effect. The laser flow meter detects he-

moglobin flow as an absolute value. We have combined these

techniques for quantitative evaluation of the skin reaction.

Fig.1 shows an example of the skin color decomposition of a

picture which was taken using a compact digital camera 1 month

after C-ion RT had been carried out at HIMAC on a lung cancer.

The red inflammation due to the two shots is only seen in panel (B)

Fig.1 An example of the skin color decomposition on a picture which was

taken using a compact digital camera 1 month after C-ion RT had

been carried out at HIMAC on a lung cancer. The red inflammation

due to the two shots is only seen in panel (B) of the hemoglobin im-

age. Freckles and a mole are seen in panel (C) of the melanin im-

age. The track of a vein is seen in panel (D) as another color be-

cause its blue color cannot be expressed by a combination of the

color vectors of hemoglobin and melanin.
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of the hemoglobin image. Freckles and a mole are seen in panel

(C) of the melanin image. The track of a vein is seen in panel (D)

as another color because its blue color cannot be expressed by a

combination of the color vectors of hemoglobin and melanin. The

fig.clearly shows that the skin color decomposition was success-

fully realized.

The basic study for quantitative evaluation of the skin reaction

has been finished. Once a relationship between dose and incre-

ment of hemoglobin flow is known, a virtual skin image after irra-

diation is available by artificially controlling the pixel value in the

hemoglobin image. We expect this will help doctors and their pa-

tients to decide and understand the appropriate treatment plan.

Rectum and Urethra
Radiation injury of the rectum is the major concern in RT for

prostate cancer because it often threatens a patient‘s QOL. The

aim of this study was to make use of the normal tissue complica-

tion probability (NTCP) model to understand rectal and urethral

late complications after C-ion RT and clarify the characteristics of

the C-ion RT.

Rectal and urethral dose-volume histograms (DVHs) were ana-

lyzed for 166 patients treated between June 1995 and July 2007.

These patients received 54 -72 Gy (RBE) in dose escalation trials

[2]. The end point for the analysis was Grade 1 or worse late com-

plications for the rectum, and Grade 2 or worse complication

probabilities for the urethra. Of the 166 patients, 29 patients expe-

rienced Grade 1 or worse late complications for the rectum and

24 experienced Grade 2 or worse late complications for the ure-

thra after therapy-ion RT.

The Lyman-Kutcher-Burman (LKB) NTCP model was applied to

the DVHs expressed as a function of the equivalent uniform dose

(EUD).�������� 	
 ��� �
��
���������� �������� 	
����������	� �� ������	���
 !"#"�"�$% &$

Here n describes the volume dependence, m is the slope

steepness of the complication probability versus dose curve and

TD50(1) is the dose which can lead to a 50% complication prob-

ability when delivered to the whole organ. Maximum likelihood

analysis was used to determine the values of the parameters (n,

m and TD50 (1) ).

Fig.2 presents the predicted NTCP curve obtained with the best

estimated parameters for the LKB model as a function of EUD for

rectum and urethra. Asterisk marks show the observed complica-

tion rates. Table 1 summarizes estimated parameter values with

95% CI with those for the conventional RT [3]. The volume effect

parameter, n, for the rectum and urethra had values of 0.058 and

0.0015, respectively. These low values suggest that these seem to

act as a serial-like organ and it is important not to exceed the tol-

erance dose at any point for C-ion RT. Furthermore, it is sug-

gested that the urethra, even irradiated to only a somewhat high

dose occurs a late complication easily because n value is close

to zero.

The new NTCP parameter values are useful to compare the

plans for therapy-ion RT.

Fig.2 Derived NTCP curves of rectum (left) and urethra (right).

Table 1 Estimated NTCP parameters with 95% CI
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Introduction
It is known that accelerated carbon ions form a Bragg peak at a

given depth, depending on the particle energy. Carbon ion

beams are biologically heterogeneous along the beam path, due

to the change of radiation quality, such as LET (linear energy

transfer). This heterogeneity is most prominent in the spread-out

Bragg peak (SOBP). At present, SOBP carbon ion beams are

used for patient treatments at HIMAC. SOBP beams contain high

LET components, and the LET increases within the SOBP beam

path. High LET radiation has two indicators for therapeutic effects:

relative biological effectiveness (RBE) and oxygen enhancement

ratio (OER). When the therapeutic effects of charged particles are

compared with those of photon radiation, the charged particles

have the advantages of a large RBE and a small OER [1]. Clinical

studies show that the large RBE and the small OER of charged

particles are responsible for enhanced biological effects and im-

provement in hypoxia-induced radioresistance.

Several studies have shown that RBE values increase with in-

creasing LET within the SOBP of carbon ion beams. These bio-

logical data have been used to design ridge filters that provide a

uniform distribution of biological effectiveness within the SOBP

beams. However, little is known about the LET dependence of

OER within the SOBP beams. In this highlight we examine the LET

dependence of biological effects such as the RBE and the OER

within the SOBP carbon ion beams using clamped and non-

clamped squamous cell carcinoma (SCCVII) tumors (in vivo). It is

well known that solid tumors contain hypoxic cells. These hypoxic

cells show resistance to low LET radiations and hence non-

clamped SCCVII tumors may show the radioresistance from some

hypoxic cells in the tumor. Thus we prepared single-cell suspen-

sion samples to determine the radiation response of aerobic cells

directly (single-cell suspension) (Fig.1).

Results
Fig. 2 shows the dose-response curve of SCCVII cell survival af-

ter irradiation by X-rays and carbon ion beams in three different

oxygen states. The plating efficiencies of hypoxic tumor, normoxic

tumor and aerobic cells were 0.45 ± 0.04, 0.44 ± 0.05 and 0.58

± 0.06, respectively. These plating efficiencies were not affected

by different oxygen conditions (P > 0.1, by Kruskal-Wallis test). All

survival curves were fitted by the LQ equation. Carbon ion beams

with an LET at 80 keV/μm showed the highest radiosensitivities

under each tumor cell condition.

We observed that all survival curves had shoulders, whereas

the curves for X-rays and carbon ion beams with an LET of 46 keV

/μm showed a curvature for high doses, indicating a more radiore-

sistant subgroup of cells. The RBE values of carbon ions in three

different oxygen conditions (hypoxic, normoxic and aerobic) in-

creased with increasing the LET. The maximum RBE values were

2.16 ± 0.13 under hypoxic, 1.76 ± 0.13 under normoxic and

1.66 ± 0.04 under aerobic conditions at distal position (80 keV/

μm) within the SOBP carbon ion beams.

As expected, the RBE values under the hypoxic condition were

Fig.1 Experimental flow chart [2].
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larger than that under the normoxic and aerobic conditions in the

SOBP beams (Fig. 3). The OER values were also calculated by D

10 values, and the OER values to normoxic tumor (OERh/n) were

smaller than those to aerobic cells (OERh/a) (Fig. 3). The X-ray OER

values (1.87± 0.13 for the ratio of hypoxic tumor to normoxic tu-

mor and 2.52 ± 0.11 for the ratio of hypoxic tumor to aerobic

cells) were larger than those of carbon ions. However the OERh/n

values (1.43± 0.19 and 1.52± 0.10) and the OERh/a values (1.84

± 0.12 and 1.94± 0.10) showed no significant change (P > 0.3,

by t-test) at 46 keV/μm (proximal position) and 80 keV/μm (distal

positions) within the SOBP beams, respectively.

In summary, in this study we found that the RBE values for cell

survival increased with increasing LET and that the OER values

had little change with increasing LET within the SOBP carbon ion

beams.

Fig.2 The surviving fractions of SCCVII tumor cells irradiated with 200 kV X-rays (●) or carbon-ion beams (46 keV/μm (□) and 80 keV/μm (◆)). The symbols

and bars are the mean and standard error calculated from three or more independent experiments (6-12 mice at each point). The plots were fitted by

the linear-quadratic (LQ) equation, SF =exp(-α・D-β・D2), with the exception of 15, 20 and 25 Gy in normoxic tumor condition [2].

Fig.3 The distribution of RBE at the 10% survival level (●, hypoxic tumor;□, normoxic tumor;◆, aerobic cells) and OER at

the 10% survival level (▲, hypoxic/normoxic;▼, hypoxic/aerobic) as a function of the dose-averaged LET within SOBP

carbon ion beams. The RBE values are relative to 200 kV X-rays (D10,X-rays)/(D10,carbon-ions). The OER values were calculated

as, (D10,hypoxic)/(D10,normoxic or aerobic). The symbols and bars represent the mean and standard error [2].
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Fig.1 Prolongation of mouse survival after total body irra-

diation by stable FGF1 mutant.

FGFs as radioprotectors
The gastrointestinal tract is so radiosensitive that abdominal ra-

diotherapy of tumors always involves the risk of adverse reac-

tions. Several fibroblast growth factors (FGFs) have been shown

to inhibit radiation-induced tissue damage and are expected to

have potential for clinical use as radioprotectors. The fibroblast

growth factor receptor (FGFR) family is composed of four receptor

tyrosine kinases (RTKs) designated as FGFR1, FGFR2, FGFR3,

and FGFR4. Alternative splicing of FGFRs is critical for FGF-FGFR

specificity. In particular, FGF receptor 2 IIIb (FGFR2b), the so

called keratinocyte growth factor receptor (KGFR), may play an

important role in intestinal tissue repair because it is expressed

only in epithelial cells. FGF1 is able to not only activate all of the

known tyrosine kinase FGFR subtypes, but also bind to FGFR2b

with high affinity. In addition, the profiles of FGFR expression in in-

testinal damage by radiation seem to be favorable for the FGF1

signaling pathway. Therefore, the wide spectrum of FGF1 activity

makes it an ideal FGF for the treatment of radiation injuries.

A stronger FGF1 radioprotector
The structural instability of wild-type FGF1, however, limits its

potential for practical use. FGF1 has poor thermal stability and a

relatively short half-life in vivo. Therefore, a number of FGF1 mu-

tants have been created in order to increase its stability. Among

such FGF1 mutants, Q40P, S47I, and H93G were identified as

strongly stabilizing substitutions. Moreover, the combinations of

each single mutation were able to enhance thermal stability more

than single mutations. In particular, Q40P/S47I/H93G exhibited

the highest thermal stability, the longest half-life and the lowest

proteolytic susceptibility among the FGF1 mutants. Q40P/S47I/H

93G could also activate all subtypes of FGF receptors in vitro

much more strongly than the wild-type FGF1. Interestingly, not

only pre-irradiation treatment with Q40P/S47I/H93G, but also post-

irradiation treatment with Q40P/S47I/H93G was effective in pro-

moting intestinal regeneration after radiation damage. Moreover,

Q40P/S47I/H93G prolonged mouse survival after total body irra-

diation because of the repair of intestinal damage (Fig. 1) [1].

Accordingly, we obtained the interesting result that the struc-

tural stability of FGF1 could contribute to the enhancement of pro-

tective effects against radiation-induced intestinal damage.

Therefore, Q40P/S47I/H93G is pharmacologically one of the most

promising candidates for clinical applications for radiation-

induced intestinal damage.

FGFR-independent radioprotector
Unfortunately, deregulation of FGFR signaling was shown to be

associated with the pathogenesis of several malignant tumors,

such as bladder, endometrial, and gastric cancers; therefore, FGF

radioprotectors might protect tumor cells. FGF12 was classified

as an intracrine FGF because it does not activate any FGFRs and

there is no evidence of it being secreted from cells, so that FGF12

has no risk to stimulate FGFRs of tumor cells. Surprisingly, a

strong radioprotective effect of FGF12 given 24 h after irradiation

was observed in the intestine in the crypt assay, the results of

Basic Research on the Estimation of Effectiveness of Radiotherapy for Individual Cancer Patients

New aspects of FGF radioprotectors

Fumiaki Nakayama
E-mail: f_naka@nirs.go.jp

Highlight

24 National Institute of Radiological Sciences Annual Report 2013



which were caused by not only apoptosis but also cell prolifera-

tion and differentiation in the intestine (Fig. 2) [2].

New mechanism of FGF radioprotectors
Generally, FGFs can function through the activation of surface

FGFRs, while receptor-bound FGF1 can be endocytosed to reach

the nucleus via the presence of a NLS, leading to DNA synthesis

and cell proliferation. Its translocation depends on binding with

FGFR1 and FGFR4 and requires phosphatidylinositol 3-kinase (PI

3K) activity and Hsp90. Moreover, FGF1 can interact with intracel-

lular proteins such as FIBP, p34, casein kinase 2 (CK2), and mor-

talin, suggesting that endocytosed FGF1 plays multiple roles in-

side cells. We demonstrated for the first time that exogenous FGF

12 could be internalized into cells very efficiently to play a role in

physiological events. This process depends on two novel cell-

penetrating peptide (CPP) domains of FGF12 (CPP-M and CPP-

C). CPP-C, composed of approximately 10 amino acids, was

identified as a specific domain of the FGF11 subfamily (FGF11-

FGF14) in the C-terminal region, whereas CPP-M was shown to be

a common domain in the internal region of the FGF family. Further-

more, CPP-C could deliver FGFs into cells independently of

FGFR, so that an FGF1/CPP-C chimeric protein (FGF1/CPP-C)

could be internalized into cells more efficiently than wild-type FGF

1 (Fig. 3) [3].

A CPP-C deletion mutant that decreased cellular internalization

of FGF12 also reduced radiation-induced apoptosis. In contrast,

we found that FGF12 possessed two domains, amino acid resi-

dues 80-109 and 140-169 of FGF12B, which showed very potent

protective effects against radiation-induced intestinal damage. In-

terestingly, these regions included the CPP-M and CPP-C do-

mains, respectively, although CPP-C by itself did not show an anti-

apoptotic effect. Moreover, internalized FGF12 suppressed the

activation of p38α after irradiation, resulting in reduced radiation-

induced apoptosis. Consequently, our findings reveal that FGF12

can protect the intestine against radiation-induced injury through

its internalization, independently of FGFRs, suggesting that cellu-

lar uptake of FGF12 is an alternative FGF signaling pathway po-

tentially useful for cancer radiotherapy (Fig. 4) [2].

Fig.2 Protective effects of externally administered FGF12

against radiation-induced intestinal damage.

Fig.3 CPP sequence of FGF12 involved in cellular internalization.

Fig.4 Radioprotective effects of internalized FGF12.
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Introduction
Irradiation triggers a variety of cellular responses such as

growth delay, DNA repair, apoptosis, and senescence. These re-

sponses are the result of activation, inactivation, interaction, or

changes in the activity level of numerous proteins. Although many

studies have indicated that the fate of irradiated cells is specific to

the cell type, tumor type, irradiation type, and nature of the in-

duced stress, the mechanism that regulates these cellular re-

sponses remains unclear.

Early cellular responses to irradiation are characterized by tran-

scriptional regulation of genes [1]. In addition, during the last dec-

ade, small RNA molecules such as microRNAs (miRNAs) were

demonstrated to play important roles in the regulation of gene ex-

pression in almost all vertebrates.

Recently, we found that X-ray irradiation of cells induced the ex-

pression of miR-574-3p, which, in turn, suppressed the produc-

tion of the enhancer of rudimentary homolog (ERH) protein and

delayed cell growth [2]. These findings provide important insight

into the cellular responses to irradiation.

Results
1) Induction of miR-574-3p expression after irradiation

To explore the role of miRNA molecules in X-ray or carbon ion

beam (C-ion)-induced changes in gene expression, we analyzed

the miRNA expression profile of the A549 cell line, which derived

from human lung adenocarcinoma, within a few hours of irradia-

tion using miRNA arrays. After a 3-h exposure to 2-Gy X-ray irra-

diation, the cells showed induction of miR-574-3p (Fig.1). How-

ever, qRT-PCR showed no induction of miR-574-3p expression af-

ter C-ion irradiation with 1, 2, 5, or 10 Gy for 1 or 3 h, suggesting

that induction of miR-574-3p might be specific to X-ray irradiation.

X-ray-induced induction of miR-574-3p was also detected in

ONS76 (brain medulloblastoma) and SF126 (brain astrocytoma)

cell lines, whereas it was not detected in C32TG (amelanotic

melanoma). Expression of miR-574-3p was slightly suppressed in

the NB1RGB (normal skin fibroblast) and HeLa (cervical adeno-

carcinoma) cell lines.

To study the biological significance of miR-574-3p induction, we

transfected synthetic miR-574-3p or miR-574-3p antagomirs,

which function as a suppressor of miRNA, into A549 cells. Cells

transfected with the synthetic miR-574-3p had a significant delay

in growth compared with the cells transfected with control cells

(Fig.2).

Growth delay is a known cellular response to irradiation. To

study the involvement of miR-574-3p in the growth delay induced

by X-irradiation, we observed the growth of A549 cells transfected

with miR-574-3p antagomirs or synthetic miR-574-3p and subse-

quently irradiated with X-rays. As expected, the growth delay in-

duced by X-irradiation was partially attenuated in cells transfected

with miR-574-3p antagomirs.

Fig.1 X-ray-responsive miRNA in A549 cells. The dotted lines indicate the

thresholds of 1.5-fold change.
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2) Suppression of ERH by miR-574-3p

To identify the target mRNA regulated by miR-574-3p, we com-

pared the expression profile of mRNA in A549 cells transfected

with synthetic miR-574-3p with that in cells transfected with miR-

574-3p antagomirs by microarray analysis. Fifty-three mRNAs

were down-regulated by at least 0.5-fold (p =< 0.001) in cells

overexpressing miR-574-3p compared to cells with miR-574-3p

knocked down. Among the 53 targets identified, 8 genes have

been focused on as potential candidate genes regulated by miR-

574-3p, based on bioinformatics analysis. Among these 8 genes,

only the enhancer of rudimentary homolog (ERH) is known to as-

sociate with cellular responses to genotoxic stress.

The enhancer of rudimentary (ER) gene was originally isolated

from Drosophila melanogaster and found to participate in the

pyrimidine metabolic pathway. Its human homolog, ERH, was

identified later, and the nucleotide identity between the human

and Drosophila genes is almost 80%. ERH is a multifunctional nu-

clear protein that mediates the cell cycle at the metaphase-

anaphase transition and transcriptional regulation.

To test whether ERH expression is affected by miR-574-3p, the

miRNA was transfected into A549 cells. Western blot analysis re-

vealed that expression of the ERH protein was 0.68-fold lower in

A549 cells transfected with the synthetic miR-574-3p than in the

non-transfected cells. Interaction between miR-574-3p and the

predicted sequence found in the 3’-UTR of the ERH mRNA was

confirmed using luciferase assay (Fig.3).

To ascertain whether ERH directly affects cell growth, we trans-

fected siRNA against ERH (siERH) or negative control oligonu-

cleotides into A549 cells. As expected, cells transfected with

siERH displayed a significant delay in growth compared with cells

transfected with the negative control oligonucleotides, mock

transfected cells, or non-transfected cells.

3) ERH regulates cell cycle progression

DNA damage caused by irradiation is known to arrest cell cycle

progression through the activation of the tumor suppressor pro-

tein, p53, and subsequent induction of the cyclin kinase inhibitor,

p21Cip1/Waf1, which binds to and inhibits CDK-cyclin complexes. In

addition to these important components involved in cell cycle

control, many proteins also interact with p53 and p21Cip1/Waf1. Cip1-

interacting zinc finger protein, Ciz1, is one of these binding part-

ner of p21Cip1/Waf1. Ciz1 is aberrantly expressed in various types of

tumors and is thought to be a tumor suppressor. Ciz1 is believed

to facilitate the formation of the CDK-cyclinE-p21Cip1/Waf1 complex.

Ciz1 induces the cytoplasmic localization of p21Cip1/Waf1 when it is

up-regulated by DNA damage. Therefore, we infer that the CDK-

cyclineE-p21Cip1/Waf1 complex is formed under the action of Ciz1 to

arrest the cell cycle after DNA damage. Interestingly, Ciz1 has

been characterized as a novel molecular partner for human ERH.

We postulate that because ERH blocks the action of Ciz1, induc-

tion of miR-574-3p by DNA damage with subsequent reduction of

ERH expression facilitates the formation of the CDK-cyclineE-p

21Cip1/Waf1 complex. As a result, growth delay is maintained, thereby

enabling the repair of DNA damage (Fig.4).

Conclusion
Many in vitro and in vivo studies have shown that gene expres-

sion profiles responding to X-ray or C-ion irradiations included

common and specific gene expressions for each irradiation. In

this study, miR-574-3p, which played an important role in cell cy-

cle regulation after DNA damage, was induced by X-ray irradia-

tion, but not by C-ion irradiation. The induction of miR-574-3p ex-

pression resulted in suppression of ERH expression and led to a

delay in cell growth. Although further studies are necessary to elu-

cidate the precise mechanism of miR-574-3p and its target gene

ERH, our finding lends important insight to the cellular response to

irradiation.

Fig.2 Delay in cell growth caused by overexpression of miR-574-3p in

A549 cells

Fig.3 Luciferase reporter assay for binding of the modified ERH-3’-UTR

with miR-574-3p.

Fig.4 Proposed role of miR-574-3p in radiation-induced growth delay.
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Since 1994, a Phase I/II clinical study and cancer radiotherapy

have been carried out using carbon-ion broad beams generated

with the HIMAC. Now, a new treatment facility for advanced

carbon-ion therapy has begun applying a 3D fast spot scanning

system with pencil beams [1, 2]. To identify the biological effects

of the 3D fast scanning carbon ion beams in vitro, we demon-

strated the lethal effect of human tumor cell lines with different ori-

gins using the spot scanning irradiation system of carbon-ion mi-

crobeams generated with the Takasaki Ion Accelerators for Ad-

vanced Radiation Application (TIARA) in the Japan Atomic En-

ergy Agency (JAEA). A radiation-induced bystander effect is de-

scribed as the ability of cells that are not directly irradiated by a

radiation beam but that are close to cells that are irradiated to

show induced biological effects [3]. This bystander effect plays

an important role in the mechanism(s) for heavy-ion radiosensitiv-

ity, especially for spot scanning irradiation. It is very powerful for

understanding radiation-induced bystander effects to use a

microbeam-irradiation system and we, therefore, have been doing

a joint study with JAEA about biological responses using the

heavy-ion microbeams.

Carbon-ion microbeams (12C5+, 220 MeV) collimated to 20 μm in

diameter were generated with the HZ1 port at TIARA. Eight differ-

ent human cell types harboring wild- or mutated-type P53 gene

were distributed by the Riken BioResource, the Health Science

Research Resources Bank and the Institute for Fermentation in

Japan. Two days before the irradiation approximately 8 x 105 ex-

ponentially growing cells were inoculated into separate mi-

crobeam dishes. These dishes were made of an acrylic resin ring

with 36 mm diameter and had a 7.5 μm-thick polyimide film at-

tached on the ring bottom. The irradiation was carried out using

the 256 (16 x 16)-cross-stripe-irradiation method (Fig.1). In this ir-

radiation condition, the percent of the number of total microbeam-

irradiated cells to total plated cells on the dish was calculated as

around 0.01%. The linear energy transfer (LET) of carbon-ion mi-

crobeams was estimated to be 103 keV/μm at the sample position

and the irradiation was carried out in each spot with 8 delivered

ion beams (0.4Gy). Lethal effect was detected using a colony for-

mation assay as reproductive cell death. In order to block up cell-

cell communication, half of the sample dishes were treated with a

specific inhibitor of gap-junction mediated cell-cell communica-

tion (40 μM of γ-isomer of hexachloro-cyclohexane) one day be-

fore the irradiation.

We first examined the lethal effect and the gap-junction medi-

ated bystander lethal effect using two tumor cell lines with the

same origin transfected with either the wild-type P53 gene (H1299

/wtp53) or mutated-type P53 gene (H1299/mp53) from a human

non-small cell lung carcinoma cell line (H1299). The percent sur-

vival for the carbon-ion-microbeam irradiation (IR) in H1299/wtp53

cells was around 90%, while it was almost 100% in H1299/mp53

cells (Fig.2). We would expect the percent survival of 99.99% if

the lethal effect was induced in only the directly irradiated cells,

representing 0.01%, assuming no bystander effect. However, the

percent survival in H1299/wtp53 cells was significantly lower than

our expectation. We concluded that the lethal effect in the carbon-

ion irradiated H1299/wtp53 cells was enhanced by the bystander

effect. Moreover, it returned to around 100% when using the spe-

cific inhibitor of gap-junction mediated cell-cell communication.

Fig.1 Photo of a dish and a schematic diagram for the 256 (16 × 16)-

cross-stripe method of the microbeam irradiations.

Research and Development for the International Promotion of Carbon Ion Radiotherapy
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The observed bystander lethal effect was induced by the mecha-

nism of gap-junction mediated cell-cell communication.

To generalize the result, we next examined the P53-dependent

bystander lethal effect using 6 human cell lines with different ori-

gins, such as normal human skin fibroblasts (wild-type P53 gene),

brain astrocytoma (wild-type P53 gene), lung adenocarcinoma

(wild-type P53 gene), melanoma (mutated-type P53 gene), brain

medulloblastoma (mutated-type P53 gene) and brain gliosar-

coma (mutated-type P53 gene). The results clearly showed that

the percent survival was 85-92% in the cells with wild-type P53

gene and around 100% in the cells with mutated-type P53 gene.

Also, the reduced survival in the cells with wild-type P53 gene re-

turned to 100% when using the specific inhibitor of gap-junction

mediated cell-cell communication (Fig.3). There was clear evi-

dence that the spot irradiation of carbon-ion microbeams could

induce the enhanced lethal effect in cells harboring wild-type P53

gene via the gap-junction mediated bystander effect.

The results suggest that the spot scanning irradiation system of

carbon ions enables us to kill tumor cells effectively and to pro-

vide tailor-made therapy depended on specific gene(s), such as

P53 gene status, considering the P53-dependent bystander le-

thal effect. Additionally, the study results will facilitate develop-

ment of drugs that can enhance the bystander lethal effect in P53-

mutated tumor cells.

Fig.2 Bystander lethal effect in H1299/wtp53 and H1299/mp53

cells irradiated with carbon-ion microbeams (0.4Gy). IR, mi-

crobeam irradiated sample; L+IR, microbeam irradiated

sample with a gap-junction inhibitor. The results are the

means and standard errors from 6 independent beam times

(* p < 0.05).

Fig.3 P53-dependent bystander lethal effect in 6 different human cell lines irradiated with carbon-ion micro-beams (0.4Gy).

The treatment in the horizontal axis is the same as explained in the caption of Fig.2. The results are the means and stan-

dard errors from 6 independent beam times (* p < 0.05).
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Since 1994 the Heavy-Ion Medical Accelerator in Chiba (HI-

MAC) at NIRS has been made available for use by researchers

worldwide in the field of ion-beam sciences in addition to carbon-

beam radiotherapy. There are four experimental halls (Physics, Bi-

ology, Secondary beam and Medium-energy caves) as well as

five treatment rooms. During the daytime from Tuesday through

Friday, HIMAC is operated for patient treatments. At night and on

weekends the four halls can be used for various experiments with

ion beams. The latter framework is specified as “The Research

Project with Heavy Ions at NIRS-HIMAC”. Table 1 shows typical

beam characteristics which are available to users at the Physics

cave.

NIRS accepts proposal submissions for the Research Project

twice a year (basically in June and November). Information about

the call for proposals can be seen on the NIRS website [1]. The

Program Advisory Committee (PAC) for the Research Project re-

views submitted proposals from the viewpoint of scientific merits

and feasibilities. The Machine Time Committee allocates beam

time in accordance with the review of the PAC, considering re-

quests from proposers. The Program Coordinator Group supports

researchers especially from external institutions. The researchers,

whose accepted proposals employ HIMAC, are asked to make a

report to NIRS including a list of publications of the work and to

make a presentation at an annual meeting after the end of the fis-

cal year (FY).

Fig.1 shows the numbers of accepted proposals as a function

of year. FY 2013 had 137 proposals from medicine, biology and

physics etc. that were accepted and a total beam time of 5282

hours was supplied. Fig. 2 shows contents of accepted propos-

als: the physics pie chart (a) includes medical physics, accelera-

tor, atom & nuclear physics, chemistry and space sciences; and

the biology pie chart (b) includes fundamental studies for cancer

treatment, response of normal tissue, cell biology and molecular

biology. 660 researchers, including 148 foreigners, were regis-

tered as participants from external institutions. Fig. 3 shows num-

bers of scientific reports such as original papers, proceedings,

theses and oral presentations. For more details, the annual report

[2] of the Research Project (partly in English) is available from the

Program Coordinator (book or CD-ROM) and at the NIRS website

(PDF file). It includes submitted reports and publication lists.

Fig.1 Numbers of accepted proposals as a function of fiscal year

Research and Development for the International Promotion of Carbon Ion Radiotherapy

The Research Project with Heavy Ions at NIRS-HIMAC

Tsuyoshi Hamano
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Table 1 Typical beam characteristics available at HIMAC

Ion Energy (MeV/u)
Intensity
pps (particles / second)

He 100 180 230 - - - - - <1.2×1010

C 100 180 230 290 350 400 430 - <1.8×109

N 100 180 230 290 350 400 430 - <1.5×109

O 100 180 230 290 350 400 430 - <1.1×109

Ne 100 180 230 290 350 400 600 - <7.8×108

Si 100 180 230 290 350 400 600 800 <4.0×108

Ar - - - 290 - 400 650 - <2.4×108

Fe - - - - - 400 500 - <2.5×108
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Fig.2 Contents of accepted proposals in physics (a) and biology (b) in FY 2013

Fig.3 Number of scientific reports as a function of fiscal year
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