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Preface

It is a great pleasure for us to publish the KURRI Progress Report 2014. This report contains all of the accomplishments
of research and related activities at the Research Reactor Institute, Kyoto University (KURRI) during the fiscal year
2014 from April 2014 to March 2015

The institute was established in 1963 for the joint use program among Japanese universities to promote experimental
research and education in the fields of nuclear energy and radiation application. The main facility, called the Kyoto
University research Reactor (KUR), has been widely used for various experiments since its first criticality in 1964. It
has been successfully operated, and has served as one of the most useful inter-university research reactors in our country.
The Kyoto University Critical Assembly (KUCA), accelerators and other research facilities are also open to researchers

and students for their experiments.

In the past fiscal year, KUR was subjected to some facility refurbishments and operated for 360 hours, while KUCA
was not operated. In total, we accepted 3,628 man-day researchers and students for using research facilities and for
attending scientific meetings held at KURRI. A large number of research subjects has been enrolled, which covers
various fields of nuclear science and technology, material science, radiation life science and radiation medical science.
It is noted that 30 patients have been treated in the clinical studies of the boron neutron capture therapy (BNCT) using

KUR in this period. The results of these activities are given in this report.

Some special research projects are in progress at KURRI. One is the project on the Accelerator Driven System (ADS)
by using a Fixed Field Alternating Gradient (FFAG) accelerator combined with KUCA. The world’s first ADS
experiment has been successfully conducted on March 2009, and the 150 MeV proton beam is being provided for the
ADS experiment and for the related studies including development of target materials. In another project, the world’s
first clinical trial of the BNCT is being promoted using a proton accelerator, based on the successful clinical studies
using KUR. Such leading research activities as well as educational activities at the institute are highly rated in a recent

external evaluation.

Efficient utilization of nuclear energy and radiation is expected to provide solutions to maintain, sustain and even to
develop human society. However, it is now required to again ensure the safety of nuclear energy for its continued use.
With the joint use of such research resources as reactors and accelerators, our program is thus to strengthen the
scientific basis for improved safety and to promote leading research toward efficient utilization of multidisciplinary
nuclear science and technology. Our program also emphasizes the importance of experimental education for fostering

young people in the related fields.

The high standing of the institute in research and related activities relies on the enthusiasm and dedication of all the
participants. Details of their work and achievements during the year are given in the following pages. I am grateful to
all of my colleagues who have taken time to prepare this report, and thank them for their cooperation. Also, I would like
to express my sincere thanks for the continued support from the national and local governments, scientific communities

and residents in the neighborhood of KURRI.

Kumatori, June 14, 2015
Yuji Kawabata
Director, KURRI
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PR1

Analyzing Tumor Microenvironment and Exploiting its Characteristics

for Controlling Malignant Solid Tumors and Distant Metastatic Potential

S. Masunaga

Research Reactor Institute, Kyoto University

BACKGROUNDS AND PURPOSES: Human solid
tumors contain moderately large fractions of quiescent
(Q) tumor cells that are out of the cell cycle and stop cell
division, but are viable compared with established ex-
perimental animal tumor cell lines. The presence of Q
cells is probably due, in part, to hypoxia and the deple-
tion of nutrition in the tumor core, which is another con-
sequence of poor vascular supply. As a result, Q cells are
viable and clonogenic, but stop cell division. In general,
radiation and many DNA-damaging chemotherapeutic
agents kill proliferating (P) tumor cells more efficiently
than Q tumor cells, resulting in many clonogenic Q cells
remaining following radiotherapy or chemotherapy.
Therefore, it is harder to control Q tumor cells than to
control P tumor cells, and many post-radiotherapy recur-
rent tumors result partly from the regrowth of Q tumor
cells that could not be killed by radiotherapy. Similarly,
sufficient doses of drugs cannot be distributed into Q
tumor cells mainly due to heterogeneous and poor vascu-
larity within solid tumors. Thus, one of the major causes
of post-chemotherapy recurrent tumors is an insufficient
dose distribution into the Q cell fractions.

With regard to boron neutron capture therag)y
(BNCT), with ""B-compounds, boronophenylalanine-""B
(BPA) increased the sensitivity of the total cells to a
%)reater extent than mercaptoundecahydrododecaborate-

B (BSH). However, the sensitivity of Q cells treated
with BPA was lower than that in BSH-treated Q cells.
The difference in the sen51t1V1ty between the total and Q
cells was greater with '"B- compounds, especially with
BPA. These findings concerning the difference in sensi-
tivity, including other recovery and reoxygenation fol-
lowing neutron irradiation after '"B- compound admin-
istration were mainly based on the fact that 1t 1s difficult
to deliver a therapeutic amount of '°B from '’B-carriers
throughout the target tumors, especially into intratumor
hypoxic cells with low uptake capacities.

Hypoxia is suggested to enhance metastasis by in-
creasing genetic instability. Acute, but not chronic, hy-
poxia was reported to increase the number of macroscop-
ic metastases in mouse lungs. We recently reported the
significance of the injection of an acute hypoxia-releasing
agent, nicotinamide, into tumor-bearing mice as a com-
bined treatment with y-ray irradiation in terms of re-
pressing lung metastasis. As the delivered total dose in-
creased with irradiation, the number of macroscopic lung
metastases decreased reflecting the decrease in the num-
ber of clonogenically viable tumor cells in the primary
tumor. The metastasis-repressing effect achieved through
a reduction in the number of clonogenic tumor cells by
irradiation is much greater than that achieved by releas-
ing tumor cells from acute hypoxia. On the other hand,
more "B from BPA than from BSH could be distributed
into the acute hypoxia-rich total tumor cell population,
resulting in a greater decrease in the number of highly
clonogenic P tumor cells with BPA-BNCT than with
BSH-BNCT and with neutron beam irradiation only.
BPA-BNCT rather than BSH-BNCT has some potential

to decrease the number of lung metastases, and an acute
hypoxia-releasing treatment such as the administration of
nicotinamide or bevacizumab may be promising for re-
ducing numbers of lung metastases. Consequently,
BPA-BNCT in combination with nicotinamide and/or
bevacizumab treatment may show a little more potential
to reduce the number of metastases. Now, it has been
elucidated that control of the chronic hypoxia-rich Q cell
population in the primary solid tumor has the potential to
impact the control of local tumors as a whole, and that
control of the acute hypoxia-rich total tumor cell popula-
tion in the primary solid tumor has the potential to impact
the control of lung metastases.

The aim of this research project is focused on clari-
fying and analyzing the characteristics of intratumor mi-
croenvironment including hypoxia within malignant solid
tumors and optimizing cancer therapeutic modalities,
especially radlotherapy including BNCT in the use of
newly- developed ""B-carriers based on the revealed find-
ings on intratumor microenvironmental characteristics.

RESEARCH SUBJECTS:

The collaborators and allotted research subjects (ARS)
were organized as follows;

ARS-1 (26P1-1): Optimization of Radiation Therapy
Including BNCT in terms of the Effect on a Specific
Cell Fraction within a Solid Tumor and the Suppressing
Effect of Distant Metastasis. (S. Masunaga,et al.)

ARS-2 (26P1-2): Development of Hypox1c Microenvi-
ronment-Oriented "*B-Carriers. (H. Nagasawa, et al.)

ARS-3 (26P1-3): Clarification of Mechamsm of Ra-
dio-Resistance in Cancer Using Optical Imaging at Tis-
sue Level. (H. Harada, et al.)

ARS-4 (26P1-4)*: Analysis of Radiation-Induced
Cell-Killing Effect in Neutron Capture Reaction. (R.
Hirayama, et al.)

ARS-5 (26P1-5): Transdermal Drug Deliver(?/ System
using Hyaluronan-Conjugated Liposomes as ~B-Carrier
in Boron Neutron Capture Therapy for Melanoma
(S. Kasaoka, et al.)

ARS-6 (26P1-6): Evaluation of Inclusion Complex of
Carborane Modified Kojic Acid and Cyclodextrin as

"°B-Carrier in Boron Neutron Capture Therapy. (T. Na-
gasaki, et al.)

ARS-7 (26P1-7)*: Molecular Design and Synthesis and
Functional Evaluation of Anticancer and Molecular Tar-
geting Agents. (Y. Uto, et al.)

ARS-8 (26P1-8)*: Analyzing Biological Effect of BNCT
from the Viewpoint of the Changes in Oxygenation Lev-
el. (H. Yasui, et al.)

ARS-9 (26P1-9): Analyses on the Responsiveness of
Malignant Tumors to BNCT. (M. Masutani, et al.)

ARS-10 (26P1-10): Assay for Tumor Cell Survival and
Tumor Growth Delay through Neutron Capture Reaction
according to the Changes in Intracellular Concentratlons
within Solid Tumors of Newly- Developed '"B-Carriers.
(K. Nakai, et al.)

ARS-11  (26P1-11)*: Antitumor and Metastasis-
Reppresing Effect of BNCT on Human Breast and
Pancreatic Cancer Cell Lines. (Y. Matsumoto, et al.)

(* Due to the irregular and short operation period of our
reactor in 2014, the data could not be shown here.)
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Significance of Fractionated Thalidomide Administration Combined with y-Ray

Irradiation from the Viewpoint of Local Tumor Response and Lung Metastasis

S. Masunagal, Y. Sanadal, T. Moriwakiz, K. Tanol, Y.
Sakurail, H. Tanakal, M. Suzukil, N. Kondol, M. Na-
rabayashil, T. Watanabe', Y. Nakagawal, A. Maruhashi'
and K. Ono'

'Research Reactor Institute, Kyoto University
Faculty of Medicine, Kyoto University

INTRODUCTION: Thalidomide has been reported to
induce tumor blood vessel normalization in a mouse
model [8, 9]. Today, thalidomide is being mainly applied
as a treatment of certain cancers (multiple myeloma) and
of a complication of leprosy. Here, using a readily me-
tastasizing murine melanoma cell line, we tried to ana-
lyze the significance of combined treatment with thalid-
omide in radiotherapy with y-rays in combination with an
acute hypoxia-releasing agent nicotinamide or mild tem-
perature hyperthermia (MTH), already shown to have the
potential to release tumor cells from diffusion-limited
chronic hypoxia [1, 2], in terms of local tumor response
and lung metastatic potential. Concerning the local tumor
response, the effect not only on the total (= proliferating
(P) + quiescent (Q)) tumor cell population but also on the
Q cell population was evaluated using our original meth-
od for selectively detecting the response of Q cells in
solid tumors.

Materials and Methods: B16-BL6 melanoma tu-
mor-bearing C57BL/6 mice were continuously given
5-bromo-2’-deoxyuridine (BrdU) to label all P cells. The
tumor-bearing mice then received y-ray irradiation after
thalidomide treatment through a single or two consecu-
tive daily intraperitoneal administrations up to a total
dose of 400 mg/kg in combination with nicotinamide or
mild MTH. Immediately after the irradiation, cells from
some tumors were isolated and incubated with a cytoki-
nesis blocker. The responses of the Q and total (=P + Q)
cell populations were assessed based on the frequency of

micronuclei using immunofluorescence staining for BrdU.

In other tumor-bearing mice, 17 days after irradiation,
macroscopic lung metastases were enumerated.

Results: Thalidomide raised the sensitivity of the total
cell population more remarkably than Q cells in both sin-
gle and daily administrations. Daily fractionated admin-
istration of thalidomide elevated the sensitivity of both
the total and Q cell populations, but especially the total
cell population, compared with single administration.
Daily administration, especially combined with MTH,
decreased the number of lung metastases.

Discussion: Thalidomide was originally introduced as a
non-barbiturate hypnotic, but withdrawn from the market
due to teratogenic effects. However, it has been reintro-
duced and used for a number of immunological and in-
flammatory disorders due to its immunosuppressive and
anti-angiogenic activity. It inhibits release of tumor ne-

crosis factor from monocytes, and modulates other cyto-
kine action. Thalidomide is racemic, and contains both
left and right handed isomers in equal amounts: one en-
antiomer is effective against morning sickness, and the
other is teratogenic. The enantiomers are converted to
each other at physiological conditions (pH = 7.0) in vivo.
That is, if a human is given D-thalidomide ((+)- or R-) or
L-thalidomide ((-)- or S-), both isomers can be found in
the serum. Hence, administering only one enantiomer
will not prevent the teratogenic effect in humans. It is
employed for the acute treatment of the cutaneous mani-
festations of moderate to severe erythema nodosum lep-
rosum (ENL). Available data from in vitro studies and
preliminary clinical trials suggest that its immunologic
effects can vary substantially under different conditions,
but may be related to suppression of excessive tumor
necrosis factor production and down-modulation of se-
lected cell surface adhesion molecules involved in leu-
kocyte migration [3].

As a cancer treatment, thalidomide was shown to in-
hibit basic fibroblast growth factor (bFGF) as well as
VEGEF, two promoters of angiogenesis. It was reported to
measure the modifications in the tumor environment ear-
ly after an angiogenic treatment of thalidomide, with a
special focus on possible normalization of the tumor
vasculature that could be beneficial for radiotherapy [4].
Incidentally, angiogenesis also is critical during limb de-
velopment of the foetus. Thalidomide directly inhibits
angiogenesis induced by bFGF or VEGF in vivo. In 2009,
it was confirmed that loss of newly formed blood vessels
is the primary cause of thalidomide teratogenesis, and
that developing limbs are particularly susceptible because
of their relatively immature, highly angiogenic vessel
network. Thus inhibition of angiogenesis is now thought
to be a main mechanism of its teratogenicity [3,5].
Conclusion: It was elucidated that control of the chronic
hypoxia-rich Q cell population in primary solid tumors
has the potential to impact the control of local tumors as a
whole, while control of the acute hypoxia-rich total tumor
cell population has the potential to impact the control of
lung metastases. Namely, in conventional radiotherapy,
daily fractionated administration of thalidomide com-
bined with MTH is thought to have a great potential to
control both local solid tumors and lung metastases from
the local tumors [6].

REFERENCES:
[1] S. Masunaga, et al., Int J Hyperthermia 13 (1997)

401-411.

[2] S. Masunaga, et al., Clin Exp Metastasis 26 (2009)

693-700.

[3]1 M. E. Franks, et al., Lancet 363 (2004) 1802-1811.
[4] R. Ansiaux, et al.,Clin Cancer Res 11 (2005) 743-750.
[5] C. Therapontos, et al., Proc Natl Acad Sci U S A 106

(2009) 8573-8578.

[6] S. Masunaga ef al., World J Oncol 5 (2014) 155-165.
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Cell-penetrating Pepducins

A. Isono', K. Okudal, T. Hirayamal, S. Masunagaz, and
H. Nagasawa1

! Laboratory of Medicinal & Pharmaceutical Chemistry,
Gifu Pharmaceutical University
? Research Reactor Institute, Kyoto University

INTRODUCTION: For the success of boron neutron
capture therapy (BNCT), it is essential to selectively de-
liver sufficient amount of 10B atoms to tumor cells. To
achieve intracellular molecular targeting of drug delivery,
we focused on the direct cell-penetrating lipopeptides,
pepducins which were developed as allosteric modulators
of GPCRs[1]. By the study of fluorescence resonance
energy transfer (FRET)-based imaging of pepducins, we
demonstrated that they penetrate directly into cells by
trans-membrane lipid translocation [2]. Accordingly, we
envisaged that the pepducin moiety may be exploitable
for intracellular deliver of membrane impermeable
molecules such as anionic boron claster, sodium boro-
captate (BSH).

MOLECULAR DESIGN: As shown in Fig. 1, we des-
igned new hybrid molecules comprising pepducin (Pep)
as a vehicle, and boron cluster (BS) attached with fluo-
rescent dyes such as 7-hydroxycoumarin (Cou) and
Hoechst 33342 dye (Hoe) as a cargo; Pep-SS-BS-Cou
and Pep-SS-BS-Hoe. The cargo is supposed to be re-
leased into cytosol after reductive cleavage of the disul-
fide bond by intracellular glutathione when it is carried
into the cytosol.

(0] S o
H
O NN \@ . 10B
i j/ H o 10BH
FL(fluorophore): peptide
OYNH

7-hydroxycoumarin
or

Hoechst 33342 Vehicle

CisH31

cell-penetrating pepducin

Fig. 1 Design of boron carriers

RESULTS AND DISCUSSION: The lipidated peptides
were prepared by solid-phase synthesis and then com-
bined with BSH and the corresponding fluorophore
through an appropriate liker to afford the boron carriers
(Fig. 2 and 3). We performed live cell imaging experi-
ments using MCF-7 cells with the probes and confocal
microscopy. By the treatment with Pep-SS-BS-Cou, the
fluorescence signal was localized on cell-membrane for
more than 30 min, which suggested that the boron carrier

Development of Nucler-targeting Boron Carriers Based on the Chemistry of Direct

was likely to be anchored on the plasma membrane but
could not be translocated into the cytosol. To evaluate the
structure activity relationship of the peptide sequence for
controlling cellular distribution, we synthesized pep-
ducins containing various peptides to conjugate with the
cargo moiety.
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We also synthesized Pep-SS-BSs by connecting of vari-
ous pepducins to the boron cluster without any fluoro-
phores. To quantify their intracellular boron concentra-
tion, ICP-MS analyses of nuclear and cytoplasmic ex-
tracts will be conducted.

REFERENCES:

[1] L. Covic et al., Proc. Natl. Acad. Sci. USA., 99
(2002) 643-648.

[2] M. Tsuji et al., Org. Biomol. Chem., 11(2013),
3030-3037

BHGREEZ 7 26P1-2
(I B3 - KAL) BREP

RERRWNREZFEN E T 5K o F v U7 OB

A= R/ N

FLOCBRMEES, It KERH T GUR  RT) BEKEER



PR1-3

Genetic Screening of Upstream Activators of Hypoxia-inducible Factor 1 for the

Devrlopment of Novel Anti-cancer Strategies

H. Harada!, S. Masunagaz, M.

'Department of Radiation Oncology and Image-applied
Therapy, Graduate School of Medicine, Kyoto University.
?Research Reactor Institute, Kyoto University

INTRODUCTION: Accumulating evidence has
shown that hypoxia-inducible factor 1 (HIF-1) plays crit-
ical roles in distant tumor metastases at multiple steps [1]
and eventually causes death among cancer patients. Clin-
ical studies have demonstrated consistent data that HIF-1
could be used as an adverse prognostic factor for not only
local tumor recurrence but also distant tumor metastasis
in cancer patients. These findings justify targeting HIF-1
for cancer therapies.

HIF-1, a heterodimeric transcription factor composed of
an o-subunit (HIF-la) and a B-subunit (HIF-1B), is
known to become activate mainly through the stabiliza-
tion of HIF-la protein. Under normoxic conditions,
prolyl-4-hydroxylases (PHDs) hydroxylate proline resi-
dues, P402 and P564, in the oxygen-dependent degrada-
tion domain (ODD domain) of HIF-lo in an oxy-
gen-dependent manner. The hydroxylations trigger
polyubiquitilation and subsequent proteasomal degrada-
tion of HIF-1a.. On the contrary, HIF-1a becomes active
under hypoxic conditions because of the inactivation of
the hydroxylases, and then, interacts with its binding
partner, HIF-1B. Resultant heterodimer, HIF-1, binds to
its cognate enhancer sequence, the hypoxia-responsive
element (HRE), and induces transcriptions of various
genes related to the escape from hypoxia (invasion and
metastasis of cancer cells) as well as the improvement of
oxygen-availability (angiogenesis) and adaptation of cel-
lular metabolism to hypoxia (metabolic reprogramming).

In order to explore novel genes which are responsible
for the HIF-1-mediated tumor metastasis, we recently
established a new genetic screening method [2] and
found that overexpression of ubiquitin C-terminal hydro-
lase L1 (UCHL1) is responsible for the activation of
HIF-1. In the present study, we analyzed both the molec-
ular mechanisms underlying the UCHL1-mediated acti-
vation of HIF-1 and the involvement of UCHLI1-HIF-1
axis in distant tumor metastases.

EXPERIMENTS & RESULTS: We established stable
transfectants of HeLa cells with the UCHL1 expression

vector (HeLa/UCHL1) or its empty vector (HeLa/EV) [3].

We found that aberrant expression of UCH-L1 in cancer
cells abrogated von Hippel-Lindau-mediated ubiquitina-
tion of HIF-1a., leading to the stabilization of HIF-1o and
subsequent activation of HIF-1 (Fig. 1) [3].
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A murine model of pulmonary metastasis demonstrated
that the forced expression of UCH-L1 facilitated tumor
metastases in a HIF-1-dependent manner (Fig. 2) [3].

Fig. 2
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On the other hand, silencing of the aberrantly expressed
UCH-L1 suppressed the metastatic tumor formation by
inactivating HIF-1[3].

Moreover, we revealed that UCH-L1 expression levels
were associated with poor prognosis of patients with

breast and lung cancers (Fig. 3) [3].

Fig. 3

Exprossion kvels of UCHL1T

DISCUSSIONS: Together, these results demonstrate
that UCH-L1 functions in distant tumor metastasis as a
deubiquitinating enzyme for HIF-la, and thus, justify
exploiting it as a prognostic marker and therapeutic target
for individualization of cancer therapy.

REFERENCES (papers published from our lab):

[1] Zhao T et al. Sci Rep. 4:3793. 2014.

[2] Zeng L et al. Oncogene. in press.

[3] Goto Y et al. Nature Communications. 6:6153. 2015.
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TagMan RT-PCR Assay

T. Nagasaki, J. Kawaguchi, R. Kawasaki, M. Sakuramoto,
M. Kirihata!, Y. Hattori!, S. Masunaga2 and Y. Sakurai’

Graduate School of Engineering, Osaka City University
! BNCT Research Center, Osaka Prefecture University,
?Research Reactor Institute, Kyoto University

INTRODUCTION:  Although melanoma boron neu-
tron capture therapy (BNCT) with L-'*B-p-boronophenyl
alanine has been treated for melanoma patient, the en-
hancement of '’B accumulation in melanoma cells would
lead to improved efficacy of malignant melanoma BNCT.
Recently, we have evaluated the inclusion complex of
kojic acid-appended carborane (CKA) with hydroxypro-
pyl-B-cyclodextrin (HP-B-CD) as a novel boron agent for
CKA/HP-B-CD complex
showed melanoma cells selectivity, unique nuclear local-
ization, and high tumor-suppression effect on BNCT to-
ward melanoma-bearing mice. Furthermore,
CKA/HP-B-CD complex was found to be the potent in-
hibitor of hypoxia-induced HIF-1a and to have a strong
effect on tumor metastasis [1]. Herein, in order to evalu-
TagMan
RT-PCR assay of melanoma gene GP100 was carried out
toward melanoma B16BL6 cells metastasis from thigh
subcutaneous to lung in melanoma-bearing mice [2].

BNCT toward melanoma.

ate quantitatively = metastasis-suppression,

Structure of CKA/HP-3-CD

EXPERIMENTS: BI16BL6 cells (2.5%x10"* cells) were
implanted into thigh subcutaneous. Mice were euthanized
and lung and spleen were isolated and snap frozen in lig-
uid nitrogen before being stored at -80°C. Total RNA was
extracted using NucleoSpinRNA Kit (Takara). Total
RNA concentration and purity were measured using
NanoDrop 2000c Spectrometer (Thermo Scientific).
Subsequently, cDNA synthesis was performed by using
PrimeScript™™ RT reagent Kit (Perfect Real Time)
(Takara). Quantitative real time polymerase chain reac-

Quantitative Detection of Metastasized B16BL6 Cells in Lung by Using

tion (Q-PCR) was performed according to the manufac-
turer’s manual using FastStart Universal Probe Master
(Roche) and Q-PCR was run in a STRAGENE Mx3000P
using the following program: 95°C/10 min+40x%(95°C/15
s+60°C/1 min+72°C/1 min). Primers and probe were
used: GP100 forward: 5 AGC ACC TGG AAC CAC
ATC TA 3°, GP100 revers: 59 CCA GAG GGC GTT
TGT GTA GT 3°, GP100 probe: 5'Hex-CAC TAC AAA
AGT TGT GGG TAC TAC ACC TG-BHQ-1-3".
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Fig.1 Relative mRNA expression of melanoma gene

GP100 in lungs.

RESULTS AND DISCUSSION: GP100 is highly
expressed in melanoma B16BL6 cells, but not to any
substantial degree in normal tissues. GP100 expression
exceeded background levels when at least 5x10° B16BL6
cells are contained in metastasized tissue. In order to
quntify the increase of metastasized B16BL6 cells, lungs
were collected 1, 3, 7, or 14 days post tumor implantation.
On day 7 increase of GP100 expression reached a level
of about 100 times the lowest point (Fig. 1).

TagMan RT-PCR Assay toward GP100 is potent to
estimate quantitatively the metastasis of melanoma cells
to lung. The quantitative
sis-suppression effect of CKA/HP-B-CD complex is pro-
ceeding in our laboratory.

evaluation of metasta-
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S. Imamichil, T. It0h1'2, S. Kikuharal’z, H. Fujimoril, A.
Sat03, T. Hirai1’4, S. Masunaga5 and M. Masutani'®

'Division of Chemotherapy and Clinical Research, Na-
tional Cancer Center Research Institute, *Faculty of In-
dustrial Science and Technology, Tokyo University of
Science, *Faculty of Pharmaceutical Sciences, Tokyo
University of Science, * Department of Radiation Oncol-
ogy, Juntendo University Faculty of Medicine,” Research
Reactor Institute, Kyoto University, 6Department of
Frontier Life Sciences, Nagasaki University Graduate
School of Biomedical Sciences

INTRODUCTION: Tumors are consisted of hetero-
genous populations of cells, including hypoxic cells,
cancer stem cells and differentiating cells. These popula-
tions affect the consequence of the boron neutron capture
therapy (BNCT) [1]. Boron neutron capture reaction
(BNCR) causes extensive DNA double strand breaks and
micronuclei formation has been used to estimate the level
of DNA damage induced by BNCR [2]. In rat xenograft
model, BNCR caused the up-regulation of YH2AX and
HMGBI, then induction of poly(ADP-ribose) [3]. The
cell death process and the factors affecting tumor cell
killing, side effects and effectiveness of BNCT are not
fully understood. To elucidate the cell death process after
BNCR, we have taken approaches of comprehensive
analysis of the tumor cells by using transcriptome and
proteome analysis.

EXPERIMENTS: Human oral squamous cancer SAS
cells [1] was used for the comprehensive analysis with
transcriptome and proteome analysis.
"B-boronophenylalanine  ('°B-BPA)-fructose  solution
was prepared as described previously [4]. SAS cell was
suspended and incubated 2 h with or without 25 ppm of
"B-BPA as previously reported [3]. After neutron-beam
irradiation operated at 1 MW, cells were inoculated for
colony formation, RNA and protein preparation. To ana-
lyze the early response of cancer cells, RNA and protein
were prepared 6 and 24 hrs after irradiation at the sup-
posal doses of 4 Gy-eq and 24 Gy-eq conditions.

For mouse xenograft model, male BALB/c-nu/nu
mice were used and SAS cells were injected subcutane-
ously into left legs of the mice. '°B-BPA at the dose of
250 mg/kg bodyweight was intraperitoneally injected 1 h
before irradiation operated at 1 MW. Tumors, tissues, and
blood were sampled for the analysis of early responses
after irradiation. The animal studies were performed in
accordance with the relevant laws and institutional guide-
lines of KUR and NCC. '"B concentration was meas-
ured by prompt-gamma ray analysis (PGA). Thermal
neutron fluence was measured with gold foils activation
analysis. Gamma-ray dose was measured with thermalu-
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minescence dosimeter. These physical radiation doses
were measured with the kind help of Drs. Yoshinori Sa-
kurai and Hiroki Tanaka of KUR.

RESULTS: _ _
Fig. 1. The physical dose measurement.
The  measured
results of total N s
. N :
physical  dose, 3 .
neutron and ol Tt e

gamma ray dose
were shown in
Fig. 1 and con-
firmed that the

2 o &
Irradiation time (min)

o oo

© Total physical dose (Gy)

Dose (Gy)

dose estimation d & Average dose ()
. ] |
o 0000000000 |
was in the ex- ]
pected range. Irradiation time (min)

Twenty-four hrs
after 24 Gy-eq
irradiation, SAS
cells showed the
cleavage of
PARPI, caspase-9 and caspase-3, suggesting that apopto-
sis started to occur. Meanwhile, the low levels of necrotic
cleavage pattern of PARP1 were also observed, implying
that necrotic cell death is also involved after BNCR. The
isolated RNA 6 and 24 hrs after irradiation was evaluated
by electrophoresis and RT-PCR. As shown in Fig. 2, the
expression levels of PARPI and GUSB were not different
among the irradiation conditions, confirming the quality
of RNA. In the microarray analysis, we found that the
expression of the genes related to cell death, transcription,
and inflammatory and immune responses was augmented
after BNCR and the further evaluation is ongoing.

By proteome analysis, proteins involved in the vesicle
regulation, mRNA processing, transcription were ob-

Dose (Gy)

X Gamma ray dose (Gy)
4 Average dose (Gy)

Irradiation time (min)

served with
Fig. 2. Gene expression analysis of PARP1 and GUSB by RT-PCR.
changes after U
. Irradiation time (min) 10 60
BNCR and belng Harvest time (hrs) 6 24 6 24
. BNCR - + - + - + - +
studied further. parer | IS B o0 bp

The observation cuss | NN TR o7 be

suggests that dynamic changes in cellular responses could
be induced after BNCR reaction at an early phase. SAS
xenograft model in nude mice was also set up, and the
boron concentration in the blood and tissues was meas-
ured. Using the experimental system, the genes and pro-
teins associated with BNCR response will be further elu-
cidated.
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Additive effect of Gadolinium to cell survival analysis

for neutron capture therapy

K. Nakail, F. Yoshida’, T. Kurital, Y. Yamamotoj, M.
Shirakawaz, T. Yamamoto’, H. Tanaka3, Y. Sakuraij, S.
Masunaga3

'Department of Nueurosurgery ,Faculty of Medicine,
University of Tsukuba

’Department of Pharmaceutical Sciences,International
University of Health and Welfare

Research Reactor Institute, Kyoto University

INTRODUCTION: In neutron capture therapy; the
therapeutic effect of a boron compound is based on alpha
particle production in a '’B(n, a) 'Li reaction, while a
gadolinium compound effect is based on producing
gamma rays derived from a 7Gd(n, y) reaction[1,2].
Gadolinium containing agents has been used for contrast
enhance of MRI scan, and are commercially available as
pharmaceutical products.

If gadolinium is administered simultaneously with bo-
ron and irradiated with neutrons, it might become a
source of additional local gamma rays, which correspond
with recent BNCT clinical trial protocol for glioblastoma.
We analyzed the additive effect of gadolinium on boron
based neutron capture reaction.

Materials and Methods:

Boron and Gadolinium compounds
p-boronophenylalanine (BPA) was obtained from Inter-
pharma Praha (Praha, Czech Republic). Gd-DTPA
(Magnevist) was purchased from Shering (Berlin, Ger-
many). BPA and fructose ware dissolved and prepared as
previously described. Briefly, BPA was converted to
BPA-fructose complex by mixing BPA and fructose in
NaOH. The pH was adjusted to 7.4 with HCI. Dissolution
solvent for Gd-DTPA was cell culture medium.

Cell lines; C6 rat glioma cell lines and V79 Chinese
hamster cell lines were maintained in Eagle’s Minimum
Essential Medium (MEM; Sigma-Aldrich), supplemented
with 10% fetal bovine serum.

Colony Formation Assay ;V79 cells and C6 cells after
exposition with the compounds were irradiated with neu-
tron mixed beam for 90 min at the Kyoto University Re-
search Reactor (KUR). We use the combination of BPA
(0, 10, 20, 40 Bu ppg/mL) and Gd-DTPA (0, 0.5, 5, 10
Gdug/mL) with 10* of cells of each line. The number of
cells was sufficient to produce 20-100 colonies at each
boron concentration. After 7days of incubation, the plates

were stained with 0.25 % methylene blue in 90 % ethanol.

Colonies of more than 50 cells were counted.

RESULTS: As shown in Fig. 1, Radiation-related
damage significantly increased with the increase of gado-
linlum concentration. When 5 ppm of Gd-DTPA was
added to 40 ppm of BPA in C6 cells, the additive effect
was obtaine. In radiosensitive V79 cells the survival frac-
tion dramatically decreased after irradiation and was
lower than 10% at boron concentration of 40ppm.

C6 : BPA + Gd
0 10 15 2 2
¢Gd:0
Gd: 0.5
3 Gd:5
X X Gd: 10
Survival -
Fraction
o
X
X
001
Boron Concentration (Bug/mL)
V79 : BPA + Gd
! 0
*Gd:0
* Gd: 0.5
x
o1 Gd:5
* .
Survival A ¥ Gd: 10
Fraction x .

0001
Boron Concentration (Bug/mL)

Fig. 1. Influence of Gd on BNCT in C6 (upper), V79
(lower) cell lines. The symbols 4 show the control
(BPA only); B show the result of additional 0.5 ppm of
Gd; A show the result of additional 5 ppm of Gd and
X show the result of additional 10 ppm of Gd.

REFERENCES:
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[2] Shikata F., et al. Eur. J. Pharm. Biopharm(2002)53.
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Direct observation of the proton or protonation in a protein molecule

by neutron and high resolution X-ray joint analysis

YMorimoto
Research Reactor Institute, Kyoto University

OBJECTIVES:
use of a neutron and an X-ray beam to clarify the tertiary

Protein sciences are accelerated with

and quaternary structural information. Proton and/or pro-
tonation of the amino acids in the protein molecule affect
a chemical reaction in the biological macromolecule,
neutron is well useful to isolate findings of such reaction
mechanisms and can determine a precise position and
roles of hydrogen or protonation in active amino acids.
Drugs, as reagents, anti-cancer compounds, play im-
portant roles in a host-protein molecule with electrons or
protons, hydrogen (deuterium) atoms should be deter-
mined clearly to design a compound molecule. X-ray
analysis is good method to find a whole molecule and
neutron is sensitive and selective to hydrogen (deuterium),
the both complementary usage or joint refinement of the
protein molecule is very powerful technique to analyze a
precise reaction mechanism with atomic resolution.

I have called for members to carry out the examination
of this purpose.
(1) Structural investigation ofthe 20S/26S Proteasome in

the highly structural organization, YMorimoto
(2) Improved Techniques for Neutron Biology. T.Chatke
(3) Proteolytic enzymes derived from NephilaClavata.
YHidaka

RESULTS:

26P2-1

T. Murakami, M. Unno, I. Hisatome, K.Hosokawa, H.
Yamaguchi and Y. Morimoto reported “Degradation con-
trol and structural motion of the 20S/26S proteasome
elucidated by genetic mutation and atomic force micro-
scope”. A newly inhibitor of the 20S proteasome and its
complex is described. Since the wild-type 20S pro-
teasome has gradual decrease against drug concentration,
Y170A, Y170L and Y170F has no clear decreasing. Drug
A has an aromatic ring in its structure, the aromatic ring
interacts the Y(tyr) ring but F(phe) has also a ring struc-
ture. 26S whole structure has been investigated by the
AFM. The 26S has two large components (19S) at the
bothe ends of 20S particle. The AFM images show the
size of the whole particle of 26S, but a single-capped
particles are also observed with self-rotating images. We
have tried to detect when a substrate molecule, 6 x His
tagged protein generated by expression system of the E

coli, enter into the 20S particle by the AFM. The in situ
detection of the degradation will make clear in vivo
mechanism in the living cell.

Other research of the structure analyses, catalase from
bovine liver has been crystallized in deuterium solution.
Diffraction data of the Spring-8 showed clear electron
densities at an active site, heme, and water passing tunnel
(following figure). However, the resolution 2.5 A is not
enough to determine hydrogen atoms.

H

I
H~o

COSRAETIE
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An ultra-high resolution (~0.9A) analysis of the lyso-
zyme crystallized under deuterium solution has been in-
vestigated by thermal turbulence refinement of carbon
and/or nitrogen atoms with use of the Photon Factory
data.

26P2-2

T. Chatake, S. Fujiwara, 1. Tanaka, Y. Yanagisawa re-
ported “Development of Improved Techniques for Neu-
tron Biology” of the result for the three interesting
waorks. The first is a newly structure determination
method of the neutron crystallography by use of a H/D
contrast density mapping, like to be a solvent flattening
of the X-ray determination. The second describes a fully
deuterated protein production method by overexpression
system, and modification of a cultivation and purification
of the kinase. The last is interesting view point on the
neutron scattering or diffraction, by use of dynamic
polarization technique for a neutron biology.

26P2-3
Y. Hidaka, M. Fujiwara, T. Nakanishi, S. Shimamoto, and
M. Miyazawa reported “Identification and

characterization of proteolytic enzymes derived from
NephilaClavata” focusing to the spider protease di-
gestting amyloid fibers including pathogenic B-amyloid,
such as amyloid fibrils, associated with the development
of Alzheimer's disease. The N-terminal amino acid se-
quence of spider protease was determined by Edman
degradation. Spider genes were amplified using generat-
ing primers, base on the N-terminal amino acid sequence,
by RT-PCR and cloned into pBR-SKII(-).The cloning of
spider protease genes is in progress.
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Degradation control and structural motion of the 20S/26S proteasome

elucidated by genetic mutation and atomic force microscope

T.Murakami', M.Unnoz, [ Hisatome® , K.Hosokawa!,
H.Yamaguchi' and Y.Morimoto

Research Reactor Institute, Kyoto University

!School of Science and Technology,
Kwansei Gakuin University

“Graduate School of Science and Engineering,
Ibaraki University

®Institute of Regenerative Medicine and Biofunction,
Tottori University

INTRODUCTION: Proteasomes are the multicatalytic
protein complexes with huge molecular weight. It is well
known that the ubiquitin proteasome system plays an
important role in regulated proteolysis. Proteasomes are
known to act as antigen-processing enzymes responsible
for the generation of peptide ligands presented by major
histocompatibility complex (MHC) class I molecules. In
the 20S proteasome each of 1, 2 and 5 [ subunits has
different enzyme activities; 1 has caspase-, 2 tryptic- and
5 chymotryptic-like activities. It was found recently that
inhibition of 20S proteasome activity resulted in decrease
and disappearance of cancer cells. Since weak interaction
of compounds to active amino acid residues we found,
processing or degradation assay have been clarified by
use of genetic mutations of the yeast 20S proteasome.
The whole particle, 26S proteasome, including such 20S
core is very important in the actual living cell for a deg-
radation or stabilization on the cell circulation. Especially,
a motion or behavior of the 26S proteasome when a reg-
ulatory particles bound should be clarified at atomic- or
nano-scale resolution, we have tried to visualize such
behavior as a motion capture of the atomic force micros-
copy (AFM) technique.

EXPERIMENTS: Genetic modification such as
Y170A, Y170L and Y170F are succeeded in the 35 subu-
nit of the yeast. Wild and mutant cells were homogenized
by glass beads and the crude extracts were purified by
M2 affinity chromatography and Mono-Q anion ex-
change one. When the 26S particle was isolated,
gel-filtration chromatography was continuously applied
with a buffer solution including ATP. Isolated 20S pro-
teasome was concentrated by ultrafiltration, and
co-crystallized with small ligand and inhibitor molecules.
AFM measurements of the 26S particle were carried out
in the Research Institute of Biomolecule Metrology in
Tsukuba.

RESULTS: The electron densities with a resolution of
2.85A have been observed at the active site in the B-ring.

Binding site of inhibitor is closed to Tyr170 and Thrl of
the B5 subunit. It is considered that an aromatic ring of
the inhibitor interacts with Y170 by ring-stacking force.
Genetic mutation for Y170 would have activities because
of a lack of aromatic ring in the amino acid residue in the
Ala and Leu, binding ability of the inhibitor might be lost.
Typical activity assay for wild-type 20S shows reduction
(Fig.1), but its concentration is slightly high rather than a

clinical usage.
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Fig.1 Activities of the 205 proteasome with inhibitor concentration.

The AFM measurement shows whole structure of the 26S
particle, and analyses of resultant images describe a
shape and size, and also a structural motion (Fig.2).

(c ‘.
Fig.2 AFM images of the 2565 proteasome.

(a): double capped-265, whole particle
(b-g): single capped-265, time course 2 sec

Fig.2a shows a double-capped whole 26S particle com-
posed of central 20S and the both ends (19S regulatory
particles). Those ends, however, are same direction like
square brackets. Fig.2b-e shows a single-capped 268, it
means that preparation of the 268 is insufficient or scarce
of ATP. Fig.2b to 2e is spent six seconds, in the meantime
198 part seems like to bow twice. In this case, since a
preparation buffer includes no ATP reagents, it is inter-
esting in such a motion by random movement or biologi-
cally functional changes. On the other hand the images
are also considered the single-capped particle to be ro-
tated in a solution, physical fixation of the 20S core to a
basal plate should be required and the subject for a future
study. This work was supported by a grants-in-aid for the
Customer Care Plan Foundation (YM). The synchrotron
radiation experiments were conducted under the approv-
als 2013AB6856, 2014A1855 and 2014AB6956, of
SPring-8.

BARGREZE 5 26P2-1

CRR -« JRFI) ARASEAE

11

WER T 177 Y — B O B KHEETUE & E BRI OMmY] 70 D=2 |
(BZERERT) R EBRA, I~ 0%, GRWOKET) 8,

(SHUCKRE) AR —RB



PR2-2
T. Chatake, S. Fujiwara], 1. Tanakaz, Y. Yanagisawa3

Research Reactor Institute, Kyoto University
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Japan Atomic Energy Agency

Faculty of Engineering, Ibaraki University

3 Fuculty of Pharmacy, Chiba Institute of Science

INTRODUCTION: The neutron diffraction technique is
undoubtedly one of important methods for elucidating
behavior of hydrogen atoms in biological systems, as
well as neutron scattering technique. Nevertheless, neu-
tron diffraction analysis is not a popular method for
structural biology yet, in comparison to a large number of
X-ray diffraction analyses. The main reason of the limita-
tion of neutron diffraction experiments is, of course, the
lower flux of neutron beam against those of X-ray
sources. On the other hand, several technical problems,
which derive from to the lack of experimental experience,
become obstacles for this forefront science. In this project,
the following three themes were studied for neutron
structural biology.

(1) A new technique for neutron structure determination.

(Fujiwara and Chatake).

A new technique for the deuterium/hydrogen (D/H)
contrast map (the neutron scattering length of D and H
atoms is largely different.) in neutron macromolecular
crystallography is in developing by us. Our results sug-
gested that this type of neutron map had advantages on
the neutron structure determinations.

(2) An improved technique for production of deuterated
biomolecule in bacteria.

(Yanagisawa and Chatake)

Deuteration of protein has been the important techniq-
ue for neutron biology, and the most popular method is
the overexpression of the target protein using genetically
engineered E. coli. Meanwhile, in food industry, a con-
siderable number of materials and supplements are pro-
duced in native bacteria. In this project, the protocols of
producing deuterated biomacromolecules in Bacillus sub-
tilis natto have been developed and improved.

(3) The basic research of the application of dynamic neu-
tron polarization (DNP) for neutron protein crystallog-
raphy (NPC).
(Tanaka and Chatake)

DNP is the sophisticated technique in neutron science. In
DNP, polarized neutron alters its coherent and incoherent
scattering depending o