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SHORT COMMUNICATION
ANGPTLA is a secreted tumor suppressor that inhibits

angiogenesis

E Okochi-Takada', N Hattori’, T Tsukamoto?, K Miyamoto®, T Ando™, S Ito®, Y Yamamura®, M Wakabayashi’, Y Nobeyama'*®
and T Ushijima’

INTRODUCTION
Tumor-suppressor genes (TSGs) are somatically inactivated by
genetic and/or epigenetic mechanisms.? Targeting TSGs for
molecular target therapy has been attempted mainly for p533*
However, the attempts have not been easy, partly due to the fact
that the p53 gene product is neither a cell surface protein nor a
typical enzyme® Considering efficient delivery to targets, TSGs
whose products function extracellularly as secreted proteins are likely
to have advantages. So far, secreted frizzled-related proteins are
known as secreted tumor suppressors,®’ but few others are known.

As a candidate, we previously identified that angiopoietin-like 4
(ANGPTL4), a member of the angiopoietin-like family, was silenced
by aberrant DNA methylation of promoter CpG islands (CGls)
(methylation-silenced) in human cancers.®® ANGPTL4 is a secreted
glycoprotein, and is involved in lipoprotein metabolism through
inhibition of lipoprotein lipase.’ In contrast, the role of ANGPTL4
in angiogenesis remains controversial.'’™" Likewise, its role in
tumor formation also remains controversial—some reports
suggesting its tumor-suppressive function'>'®"” and others its
oncogenic function.'®2°

Here, we aimed to clarify the role of ANGPTL4 in cancer
development and progression and also in tumor angiogenaesis.

RESULTS AND DISCUSSION

Inactivation of ANGPTL4 by epigenetic and genetic mechanisms in
human gastric cancers

ANGPTL4 methylation was detected in 10 of 91 human gastric
cancers (11%) by guantitative real-time methylation-specific PCR

(Figure 1a). The mRNA and protein expression levels of ANGPTL4
in cancers with ANGPTL4 methylation were significantly lower than
those in cancers without methylation (Supplementary Figure S2).
Methylation status did not have any association with clinico-
pathological features, but had a significant association with
Epstein-Barr virus infection status and the presence of the
CGl methylator phenotype?® (Supplementary Figure S1 and
Supplementary Table S1). In non-cancerous gastric mucosae of
71 gastric cancer patients and gastric mucosae of 58 healthy
volunteers, the methylation level was also quantified. It was
significantly higher in cancer patients than in healthy volunteers
and in individuals with H. pylori infection than in those without
(Figure 1b). This suggested the potential involvement of ANGPTL4
methylation in the formation of an epigenetic field for canceriza-
tion, a predisposed normal-appearing tissue.

ANGPTL4 mutation was then analyzed in 89 of the 91 gastric
cancers {due to sample availability), and a somatic 21-bp deletion
in exon 1 was identified in one specimen (cancer #217T) without
ANGPTL4 methylation (Figures 1c and d). ANGPLT4 consists of an
N-terminal coiled-coil domain (CCD) and a C-terminal fibrinogen-
like domain,®?* and the 21-bp deletion was located in the CCD
{Supplementary Figure 53). The CCD is reported to be critical for
regulation of the anti-angiogenic activity of ANGPTL4,"® and the
deletion here involved one of the two cysteine residues (Cys76
and Cys80) essential for the activity regulation by
oligomerization. 2>

Loss of heterozygosity (LOH), which suggests the presence of a
TSG,*” was detected in 4 of 16 samples (25%) informative for a C/T
polymorphism at the second position of codon 266. The focus of
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Figure 1. Aberrant methylation and a mutation of ANGPTL4 in human gastric cancers, and methylation in non-cancerous gastric mucosae. (a)
ANGPTL4 methylation levels in gastric cancer specimens. Cancer samples were obtained from 91 gastric cancer patients undergoing
gastrectomy with informed consents and approval by the institutional review boards. Some of the samples and methylation data were
obtained from our previous study.>® Quantitative real-time methylation-specific PCR was conducted with sodium bisulfite-treated DNA and
primer sets specific to methylated and unmethylated sequences (Supplementary Table S2). Using a cutoff value of 6% (broken line), as in
previous studies, >3 10 cancer specimens were considered to have aberrant methylation. (b) ANGPTL4 methylation levels in gastric mucosae
of 58 healthy volunteers (30 male and 28 female; average age =55 years) and 71 non-cancerous gastric mucosae of gastric cancer patients
(50 male and 21 female; average age = 67 years) obtained by endoscopic biopsy of the antral region. H. pylori infection status was analyzed by
a serum anti-H. pylori IgG antibody test (SRL, Tokyo, Japan), rapid urease test (Otsuka, Tokushima, Japan) or cuiture test (Eiken, Tokyo, Japan).
The methylation level in gastric mucosae was significantly higher in gastric cancer patients than in healthy volunteers. The mean methylation
level is shown by a horizontal line. *P<0.05, **P<0.01 (the unpaired Welch's t-test, two-sided). (c) A deletion mutation in a human gastric
cancer specimen. All the seven exons and splice donot/acceptor sites of ANGPTL4 were amplified by PCR (Supplementary Table S2), and the
PCR products were directly cycle sequenced. The sequences of a gastric cancer specimen (2177) and its corresponding non-cancerous tissue
(217N) between nucleotides 385 and 423 are shown. A 21-bp deletion in exon 1 was detected (shown in the gray background).
(d) Confirmation of the deletion mutation using DNA samples obtained from a single tissue section. A 117-bp region encompassing the
deletion was amplified by PCR, and the deletion was detected as a PCR product with a shorter size (96 bp). DNA from the cancer (T1), but not
that from non-cancerous areas (N1 and N2), yielded the shorter product (shown by arrows). T*, genomic DNA extracted from frozen tumor
tissues. If LOH was present in T1, the band intensity ratio was expected to be 1:1 (wild type:deletion mutant) (fraction of cancer cells was
pathologically assessed to be 61-67%). If LOH was not present, it was expected to be 2:1. The ratio observed was ~1:2, and LOH was
considered to be present in T1.

ANGPTL4, 19p13.3, has been suggested to contain TSGs, due to cancer cell lines (MKN28 and AGS) without ANGPTL4 expression
frequent LOH of the region in several types of cancers, such as had methylation of its promoter, and their treatment with 5-aza-
pancreatic and colon cancers?®-3 In addition, two human gastric ~ 2'-deoxycytidine (5-aza-dC), a DNA methylation inhibitor,
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Figure 2. The effect of ANGPTL4 and its mutant with the 21-bp deletion on tumor formation. The complementary DNA of wild-type ANGPTL4,
its mutant with the deletion, and EGFP as a control were inserted into a mammalian expression vector plRESpuro3 with the human
cytomegalovirus immediate early promoter (Clontech, Mountain View, CA, USA). Individual vectors were transfected into MKN28 or AGS
gastric cancer cell lines, and transfectants were selected with puromycin (0.3 pg/ml). Athymic nude mice (BALB/cAJci-nu/nu, CLEA, Tokyo,
Japan) were subcutaneously injected with cells (1 x 107 cells) mixed with an equal volume of Matrigel (BD Biosciences, San Diego, CA, USA). All
the animal experiments were approved by the Committee for Ethics in Animal Experimentation, and conducted in accordance with the
Guidelines for Animal Experiments of the National Cancer Center. (a) Representative photographs of transplanted tumors at 13 weeks (AGS)
and 5 weeks (MKN28). ANGPTL4 markedly suppressed tumor formation, while its mutant with the deletion lacked the activity. (b) Macroscopic
views of the tumors resected at 13 weeks (AGS) and at 5 weeks (MKN28). Introduction of ANGPTL4 markedly suppressed tumor sizes in both
cell lines. The variable degree of suppression in AGS might have been due to the lower ANGPTL4 expression level (Supplementary Figure S5¢).
{c) Tumor growth curves after the injection. The volume of tumor {mm?®) was calculated by the formula: (length x width?)/2. A tumor volume
is shown as a mean +s.d. (N=10 in AGS and N=12 in MKN28). *P<0.05, TP <0.001 (Student’s t-test).
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Figure 3. For caption please see page 2276.
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Figure 4. In vitro anti-angiogenic activity of tumor-derived ANGPTL4 and its molecular mechanisms. (a) Suppression of vascular tube
formation by ANGPTL4. A conditioned medium was prepared by mixing the medium of subconfluent MKN28 cells expressing control or
ANGPTL4 and the HUVEC medium with VEGF-A (10ng/ml} at 1:2. HUVECs on feeder neonatal normal human dermal fibroblast cells
(Angiogenesis Kit, Kurabo, Osaka, Japan) arrived from the manufacturer on day 0, and the conditioned medium was supplemented on days 1,
4,7 and 9. On day 11, cells were fixed and endothelial tubes were stained with anti-CD31antibody (BD Pharmingen, San Diego, CA, USA). The
experiment was conducted in triplicate. Scale bars, 50 um. (b) Quantification of the extent of vascular tube formation. Four parameters were
scored in nine visual fields per well using the angiogenesis quantification software (Kurabo), and all the four parameters were shown to be
suppressed by ANGPTL4. The results are shown as a meants.d. *P<0.001 (Student’s t-test). (c) Suppression of the HUVEC growth by
ANGPTL4, but not by its mutant with the deletion. HUVECs were seeded at a density of 1 x 10° cells/10-cm dish on day 0, and the conditioned
medium prepared as in a was supplemented on days 1, 3 and 5. The number of cells was counted on day 3 and day 6 by a Countess
Automated Cell Counter (Invitrogen, Carlsbad, CA, USA). Each culture was carried out three times, and the result is shown as a mean + s.d.
*p—=84x 107 % ¥P=55x 10~" (Student’s t-test). (d) The effects of ANGPTL4 and its mutant with the deletion on the cell cycle of HUVECs.
The HUVECs on day 6 of ¢ were stained with propidium icdide, and cell populations in different phases of the cell cycle were determined by a
FACS Caliber flow cytometer (Becton Dickinson, San Diego, CA). S-phase arrest was observed in HUVECs exposed to ANGPTL4, but not to its
mutant with the deletion. *P<0.05, **P<0.01 (Student’s t-test). (e) Immunoblot analysis of various signal molecules in HUVECs on day 6 of ¢.
Decrease of pERK1/2 and increase of pMEK1/2 were induced by ANGPTL4 and also by its mutant with the deletion. This was considered
because the deletion mutation affected mainly the interaction between ANGPTL4 and extracellular matrix, which was not necessary for this
analysis. Primary antibodies used include anti-phospho-ERK1/2 (1:100, Cell Signaling Technology, Danvers, MA, USA), anti-total ERK1/2 (1:100,
Cell Signaling Technology), anti-phospho-MEK1/2 (1:1000, Cell Signaling Technology), anti-total MEK1/2 (1:100, Cell Signaling Technology),
anti-p21 (1:200, Cell Signaling Technology), anti-cleaved Caspase-3 (Asp175) (1:200, Cell Signaling Technology), anti-cleaved PARP (Asp214)
{1:200, Cell Signaling Technology) and anti-actin (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Secondary antibodies conjugated to
horseradish peroxidase were obtained from Cell Signaling Technology.

<—
Figure 3. Inhibition of tumor angiogenesis by ANGPTL4, but not by its mutant with the deletion. (a) Macroscopic view of the Matrigel plugs
recovered in the Matrigel plug assay. Matrigel (Matrigel basement membrane matrix high concentration, phenot red-free, BD Biosciences) was
mixed with the MKN28 cells (5 x 10° cells) expressing control, ANGPTL4, or its mutant with the deletion. The Matrigel plug was subcutaneously
injected into 5-week-old female athymic nude mice on day 1, and was recovered on day 10. Marked inhibition of tumor angiogenesis by
ANGPTL4, but not by its mutant with the deletion, was observed. Brown color shows infiltration of blood vessels into the Matrigel plugs.
(b) Hemoglobin content in the Matrigel plugs (N =10). The plugs were homogenized in red blood cell-lysing buffer (Sigra-Aldrich, St Louis,
MO, USA), and the supernatants were measured with Drabkin’s reagent {Sigma-Aldrich) to quantify the hemoglobin content in the plug.
The content is shown as a mean+s.d. (N=10). *P=8.0x 107% *P=1.2x 10™* (Student’s t-test).
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demethylated the promoter and restored the ANGPTL4 expression
(Supplementary Figure S4). This showed methylation silencing of
ANGPTL4 in these cell lines.

Marked suppression of in vivo tumor growth by ANGPTL4, but not
by a mutant with the deletion

The function of ANGPTL4, along with its mutant with the deletion,
was examined by stably introducing wild-type or mutant ANGPTL4
complementary DNA into MKN28 and AGS. The expression levels
of the exogenous wild-type ANGPTL4 and its mutant were kept in
the range comparable to its physiological expression in gastric
mucosae (Supplementary Figure S5a), and expression of ANGPTL4
with the deletion mutation was confirmed by the ampfification of
a shorter size fragment (Supplementary Figure S5b).

Regarding in vitro effects, the ANGPTL4 expression did not affect
cell morphology, motility or cell growth (Supplementary Figures
56-58). However, in vivo, sizes of engrafted tumors were strikingly
suppressed by the wild-type ANGPTL4, markedly in AGS and
almost completely in MKN28 (Figure 2). In contrast, when the
mutant ANGPTL4 was expressed in MKN28, it did not show any
anti-tumorigenic effect. The presence of ANGPTL4 mRNA and
protein expression in the transplanted tumors was confirmed
(Supplementary Figures 59 and 510). The role of ANGPTL4 in tumor
development and progression has been highly controversial, but
our data clearly showed that ANGPTL4 suppresses tumor forma-
tion, at least in gastric cancers.

Inhibition of tumor angiogenesis as a mechanism for tumor
suppression

As a mechanism for tumor suppression by ANGPTL4, anti-
angiogenic activity of tumor-derived ANGPTL4 was examined.
We performed an in vivo Matrigel plug angiogenesis assay to
observe the vascularization that invades into a Matrigel®’ using
MKN28 cells with control (EGFP), ANGPTL4, and its mutant with the
deletion. Ten days after subcutaneous transplantation, the
Matrigel plugs containing the control cells showed a high
degree of blood vessel recruitment, as visualized by the high
content of hemoglobin (Figure 3) and by the staining of CD31-
positive vascular endothelial cells (Supplementary Figure S11). In
contrast, the Matrigel plugs containing the ANGPTL4-expressing
cells showed a marked suppression of the blood vessel recruit-
ment, However, ANGPTL4 with the deletion mutation did not have
such activity. The lack of the suppressive effect was in accordance
with a report that the CCD was essential for the interaction with
the extracellular matrix and for its in vivo suppressive activity.”®
These results strongly indicated that the marked anti-angiogenic
activity of tumor-derived ANGPTL4 was the cause of the marked
suppression of tumor growth by ANGPTL4.

Mechanisms for the anti-angiogenic activity of the tumor-derived
ANGPTL4

The mechanisms of how tumor-derived, secreted ANGPTL4 exerts
its anti-angiogenic effect were analyzed. First, we conducted a
vascular tube formation assay using human umbilical vein
endothelial cells (HUVECs). A conditioned medium from
ANGPTL4-expressing cells suppressed vascular tube formation of
HUVECs, as visualized by staining with anti-CD31antibody
(Figure 4a), and all the parameters to assess vascular formation
were markedly suppressed {Figure 4b). This result showed that a
large part of the anti-angiogenic activity of tumor-derived
ANGPTL4 was mediated by the suppression of vascular tube
formation in the tumor microenvironment.

The effect of the conditioned medium on the growth of HUVECs
was then analyzed. The conditioned medium from cells expressing
ANGPTL4, but not that from cells expressing its mutant with the
deletion, suppressed the growth (Figure 4c). Cell cycle analysis
showed that the conditioned medium from ANGPTL4-expressing
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cells significantly increased the number of cells in the S phase,
suggesting that it induced an S-phase arrest (Figure 4d). However,
the amount of p21, a potential inducer of the S-phase arrest,>? was
not increased (Figure 4e). No induction of apoptosis was observed
by western blot analysis of apoptosis-related proteins, cleaved
Caspase-3 and cleaved PARP (Figure 4e), or by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay (Supplementary Figure S8).

Finally, the effect of tumor-derived ANGPTL4 on the MAPK
signaling was analyzed. The conditioned medium from the
ANGPTL4-expressing cells clearly inhibited the phosphorylation
of ERK1/2 (pERK1/2) (Figure 4e), and the phosphorylation of its
immediate upstream mediator, pMEK, was in contrast increased.
The conditioned medium from the cells expressing the mutant
with the deletion showed a similar activity to that of the ANGPTL4-
expressing cells. As CCD is not important for the delivery to target
cells in vitro and the fibrinogen-like domain is important for
inhibition of the Raf/MEK/ERK signaling,"" it was considered that
the deletion mutation did not affect the inhibition activity.

This study demonstrated that ANGPTL4 is a mutated and
methylation-silenced tumor suppressor whose product is secreted
and inhibits angiogenesis. ANGPTL4 mutation (loss-of-function)
was identified for the first time in any type of cancers, and the
anti-angiogenic activity of tumor-derived ANGPTL4 was shown
here also for the first time. These data warrant further research
into utilizing ANGPTL4 as a target of anti-angiogenesis cancer
therapy.
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Introduction

Breast cancer is one of the most common epithelial malignan-
cies among woman worldwide. Approximately one in ten women
will develop breast cancer during their lifetime in industrialized
countries. Although the majority of breast cancers are sporadic in
origin, an appreciable fraction is caused by inherited predisposi-
tion. Germline mutations in the two major susceptibility genes for
breast cancer, namely BRCAI and BRCAZ, confer a 60-85%
lifetime risk of breast cancer but account for only about 20% of
familial breast cancer cases [1-7]. To date, several other breast
cancer susceptibility genes, which show low-to-moderate pene-
trance, have been identified. BRIPI is one of these genes and
truncating mutations confer a 2-fold increase in breast cancer risk
18], [9].

BRIP1 (also known as BACH!I and FANC]) is a DNA helicase
that interacts directly with the breast cancer susceptibility protein
BRCAI. BRIP! plays an important role in controlling BRCA1-
dependent DNA repair, DNA damage—-induced G2-M checkpoint
control, and possibly tumor suppression [10-14]. BRIPI gene is

PLOS ONE | www.plosone.org

located on chromosome 17q22, just distal to the BRCAI gene
located at 17q21, a region that shows frequent loss of heterozy-
gosity in breast cancers [15], [16]. Several loss-of-function
mutations in BRIPI gene have been reported in breast cancers
and also in the cancer-prone disease Fanconi anemia [17]. In
addition, some of mutated BRIPI proteins has been shown to be
unstable, with reduced expression [10], [18]. However, the role of
BRIP] in tumorigenesis of mammary epithelial cells remains
unclear.

Phenotypic analysis of mice that have a genetic defect in
DNA double-strand break repair shows various developmental
abnormalities as well as increased tumorigenesis, suggesting a
strong link among DNA damage repair, development, and
tumorigenesis [19], [20]. For instance, conditional BRCAI-
knockout mice display incomplete and abnormal mammary
gland development [21]. BRCAI-knockdown in human mam-
mary epithelial cells abrogates the ability of the cells to form
acini in three-dimensional (3D) culture, suggesting a possible
role for BRCAl in mammary cell differentiation [22]. This
developmental process is shown to be mediated by the C-
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terminal BRCT repeat of BRCAI, which interacts with several
proteins, including BRIPI. This suggests that BRIP! plays a
role in mammary gland development and tumorigenesis in a
BRCAI]-dependent or independent manner.

Using 3D basement membrane culture of human non-
malignant mammary epithelial MCF-10A cells, we have investi-
gated the roles for BRIP! in mammary gland development and
tumorigenesis. We here show for the first time that BRIP!
knockdown by RNA interference promotes cell proliferation and
disrupts acinar architecture, which may result from dysregulation
of genes known to be involved in cell adhesion, polarity, growth,
signal transduction, and developmental process, and signaling
pathways such as LPA, Myc, Wnt, PI3K, and PTEN. In summary,
loss of BRIP] affects multiple cellular signaling pathways, which
are known to be critical for normal development of mammary
glands, and its dysfunction disrupts acinar formation.

Materials and Methods

Cell Culture and BRIP1 Knockdown by Lentiviral
Transduction of shRNA

MCF-10A cells obtained from American Type Culture Collec-
tion, were maintained in a 1:1 mix of Dulbecco’s modified Eagle’s
(DME) and Ham’s F12 media supplemented with 5% equine
serum, 10 pg/ml bovine insulin, 20 ng/ml epidermal growth
factor, 100 ng/ml cholera toxin, and 0.5 ug/ml hydrocortisone as
described [23]. Lentiviral transduction of MCF-10A cells with
particles for shRNAs targeting BRIP1 (SHCLNV-NM_032043,
MISSION shRNA; Sigma-Aldrich), or scrambled non-target
negative control (SHC002V) was performed according to the
manufacturer’s protocol. The transduced MCF-10A cells were
selected with 1 pg/ml puromycin. The shRNA that showed the
highest knockdown efficiency among 5 designed sequences
compared with the non-target control was selected.

Western Blot Analysis

Cellular proteins were extracted with Cell Lysis Buffer (Cell
Signaling Technology) containing | mM phenylmethylsulfonyl
fluoride. Equal amounts of protein were fractionated by 7% SDS-
PAGE, transferred to a polyvinylidene difluoride membrane, and
reacted with antibodies against BRIP1 (B1310; Sigma-Aldrich),
and B-actin (AC-74; Sigma-Aldrich). The protein bands were
visualized by enhanced chemiluminescence using ECL Plus
Western Blotting Detection System (GE Healthcare).

3D Morphogenesis Assays

Cells were cultured on top of a polymerized layer of 100%
Matrigel in a 1:l mix of DME and Ham’s F12 media
supplemented with 2% equine serum, 10 jig/ml insulin, 5 ng/
ml epidermal growth factor, 100 ng/ml cholera toxin, 0.5 pg/
ml hydrocortisone, and 2% reconstituted basement membrane
(Matrigel; BD Biosciences) in a four- or eight-well chamber slide
as described [23]. Cells were seeded as single cells at low
density of 2.5x10% cells per 0.7 cm® well. At this low initial cell
density, individual cells were not in contact under the
microscope, and therefore, a possible contribution of cell
aggregation to form larger acini structures is excluded. For
the acinar structure size calculations, the sizes of at least 150
distinct structures were measured on photomicrographs using
Image] software (http://rsb.info.nih.gov/ij/). After fixing cells
with formalin, slides were mounted with Vectashield mounting
medium containing 4',6-diamidino-2-phenylindole (DAPI; Vec-
tor Laboratories) for nuclear staining. Images were acquired
with an all-in-one fluorescence microscope (Biozero BZ-8000;
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Keyence, Osaka, Japan) and analyzed with BZ-Analyzer

. (Keyence).

Histology and Immunohistochemistry

Paraffin-embedded/formalin-fixed sections (4 pum thick) of the
acini were stained with hematoxylin and eosin or antibody to Ki-
67 (clone 7B11l; Invitrogen). Antigen—antibody complexes were
detected using an anti-mouse secondary antibody and an avidin-
biotin complex system (Vector Laboratories) using 3,3'-diamino-
benzidine as the chromogen. The percentage of Ki-67-positive
cells was determined by counting cells of at least 100 distinct acini
in the section.

DNA Microarray Analysis

Samples were harvested from three different clones of non-
target and BRIP! shRNA-transduced cells at three time points,
4, 8, and 12 days, after cell seeding in Matrigel. Total RNA
was extracted, labeled with Cyanine 3-CTP, and hybridized
with human oligonucleotide microarrays (whole-human genome
microarray; Agilent Technologies) as described [24]. The raw
microarray data were normalized and analyzed using Gene-
Spring GX 11.5.1 software (Agilent Technologies). Expression
data for selected genes were visualized using TIGR Multi-
Experiment Viewer software (available at http://www.tmé4.org/
mev.html). The microarray data have been deposited in the
Gene Expression Omnibus database (www.ncbinlm.nih.gov/
geo) under accession number GSE33218. Microarray data were
analyzed using GSEA v2.0 [25], [26]. Detailed information is
provided in Methods SI.

Quantitative RT-PCR

Total RNA was isolated from exponentially growing cells in
Petri dishes and from 3D cultured cells using the RINeasy kit
(Qiagen). First-strand cDNA was synthesized from total RNA as
described (Ishida etal., 2010) [24]. The PCR reaction was
performed on the Mx3000P real-time PCR system (Stratagene, La
Jolla, CA). Primer sequence information is available in Table S5.

Statistical Analysis

Statistical analysis was carried out with GraphPad StatMate
software version 3.0 (ATMS, Tokyo, Japan). Comparison between
two groups was done using Student’s #test or non-parametric
Mann-Whitney U-test. P<<0.05 was considered to be statistically
significant.

Tumor Growth in Nude Mice

All animal studies were approved by the Institutional Animal
Care and Use Committee of the National Institute of
Radiological Sciences. 5x10° cells from two different clones of
non-target shRINA-transduced cells, three different clones of
BRIP! shRNA-transduced cells, MCF-7 and MDA-MB-231
human breast cancer cells, as positive controls, were resus-
pended in 25 pl of phosphate-buffered saline (PBS), mixed with
25 pl of Matrigel, and injected into bilateral abdominal fat pads
containing mammary glands of 6-week-old female nude mice
(BALB/cAJcl-nu/nu; Clea Japan, Tokyo, Japan; n=20) under
isoflurane anesthesia, and monitored for 10 weeks. Mice were
then killed by exsanguination under isoflurane anesthesia and
autopsied. Abdominal fat pads were extended on glass slides
and fixed in 10% buffered formalin. Hematoxylin-stained
whole-mount preparations were observed under a dissection
microscope for the occurence of tumors.
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Results

Generation of BRIP1-knockdown Mammary Epithelial
Cells

To explore the function of BRIPI in acinar morphogenesis of
mammary epithelial cells, we generated stable BRIPI-knockdown
clones by shRINA vector transduction into MCF-10A human non-
malignant mammary epithelial cells. BRIP! knockdown was
confirmed by western blotting (Fig. 1A). In conventional 2D
culture, BRIPI-knockdown cells formed loose sheets with rounded
and loosely attached cells, suggesting weak cellular adherence (Fig.
S1).
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Loss of BRIP1 Causes Abnormal Acinar Morphogenesis
To determine whether BRIPI knockdown affects the formation
of polarized spherical acini, mammary epithelial cells were grown
and monitored in 3D culture. We observed that the acini formed
by BRIPI-knockdown cells were significantly larger than the
control acini after 4 days of culture (Fig. 1B and G). Additionally,
BRIPI-knockdown cells formed irregular-shaped acinar structures
after 8 days of culture (Fig. 1B). In 20 days, the control cells
developed into organized acini with hollow lumens (Fig. 2C and
D). In contrast, the BRIPI-knockdown cells formed large irregular-
shaped aggregates with filled lJumens and were also characterized
by increased cell size, filopodia formation, loss of cellular polarity,
nuclear atypia, and nuclear stratification (Fig. 2A, B, E and F).
BRIPI-knockdown cells also had a 3-fold higher rate of

Day 4 Day 8 Day 12

Figure 1. BRIP7 knockdown in mammary epithelial cells impairs acinus formation. (A) BRIPT knockdown by lentiviral-mediated delivery of
shRNA. Expression of BRIP1 protein in the parental MCF-10A cells (lane 1), three different clones of non-target (lanes 2-4), and BRIPT shRNA-
transduced (lanes 5-7) cells was analyzed by western blotting with anti-BRIP1. B-actin was used as a loading control. {B) Phase-contrast images of
cells transduced with non-target shRNA or BRIPT-specific shRNA in 3D culture at days 4, 8, and 12. Scale bars, 50 pm. (C) Quantification of the size of
the acinar structure of the cell lines in 3D culture at days 4, 8, and 12. The median values are indicated with horizontal bars in the boxes. The boxes
contain the values between the 25th and 75th percentiles. The whiskers extend to the maximum and minimum values. Comparison between two
groups was done using the non-parametric Mann-Whitney U-test. **P<0.001.

doi:10.1371/journal.pone.0074013.g001
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proliferation fraction than the control cells as assessed by Ki-67
immunohistochemistry, even after the control cells formed growth-
arrested acini by day 20 (Fig. 2G). These observations suggested
that BRIP1 plays a key role in maintaining acinar architecture and
that loss of BRIP! induces a neoplastic-like phenotype in
mammary epithelial cells.

Loss of BRIP1 Induces Dysregulation of Multiple Cellular
Signaling Pathways

To reveal the genes affected by the loss of BRIP1 during acinar
morphogenesis, we performed microarray analysis to clarify the
genes differentially expressed during acinar morphogenesis of
BRIP]-knockdown cells comparing with control cells. Principal

G

Ki-67-positive cells (%)

(shRNA) O 2 4 6 8
non-target
BRIPT1

Figure 2. BRIPT knockdown induces neoplastic-like changes in
mammary acini. Phase-contrast image (A) and hematoxylin and
eosin-stained section (B) of the BRIPT shRNA-transduced cells in 3D
culture at day 17. Arrows indicate cells with filopodia. The boxed area is
enlarged in the inset (B). DAPI-stained nuclei (C, E) and hematoxylin
and eosin-stained section (D, F) of cells transduced with the non-target
shRNA (C, D) or BRIP1-specific shRNA (E, F) after 20 days in 3D culture.
The area indicated by the box is enlarged in the inset (E). Scale bars,
50 um. (G) Ki-67 immunostaining of cells transduced with non-target
shRNA or BRIP1-specific shRNA in 3D culture at day 20. Representative
image of Ki-67-stained section of acinar cells transduced with non-
target shRNA (upper right) or BRIP1-specific shRNA (lower right) was
shown. Scale bars, 50 um. Error bars represent the = SD of the means
determined from two independent experiments, Statistical significance
was calculated using the Student’s t-test. *P<0.01.
doi:10.1371/journal.pone.0074013.g002
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component analysis showed that the gene expression profile in the
BRIPI-knockdown cells during acinar morphogenesis was distinct
from that of control cells (Fig. S2A). We identified 379, 288, and
314 transcripts, which were differentially expressed (=2-fold
difference) in 3D culture of BRIPI-knockdown cells compared
with control cells at 4, 8, and 12 days after culture, respectively
(Tables S1-3). Gene Ontology (GO) analysis revealed that subsets
of the differentially expressed genes were involved in signal
transduction, metabolic processes, developmental process, and cell
adhesion, suggesting a link between DNA damage repair and
morphogenetic process (Fig. S2B). We also identified 88 transcripts
that were consistently up- or down-regulated (fold change =2)
throughout acinar morphogenesis (Fig. 3A). Table 1 lists selected
differentially expressed genes (fold change =5). Among them,
SATBI, which is regarded as a key transcriptional regulator in
breast cancer development and metastasis [27], showed high-level
expression in BRIPI-knockdown cells compared with control cells.
We selected several other tumor-associated genes, namely RICH2,
PCSK5, ELF3, WIPFI, MCAM, COL8A41, and GASI, based on a
literature search, and the changes in gene expression were
validated by quantitative real-time reverse transcription-PCR
(RT-PCR) (Fig. 3B). Signaling-pathway analysis of the differen-
tially expressed genes revealed enrichment for pathways such as
lysophosphatidic acid (LPA) receptor signaling, and oxygen
homeostasis, followed by telomerase regulation, Myc signaling
and Wnt signaling (Fig. 3C). To further explore the microarray
data, gene set enrichment analysis (GSEA) was used to identify
groups of functionally related genes for their degree of global up-
or down-regulation following BRIPI knockdown. This approach
identified 33 gene sets that were significantly correlated with
BRIPI knockdown (Table $4). As shown in Fig. 3D, the gene sets
that correlated positively with BRIPI knockdown included
signaling pathways involved in DNA damage response and cell
proliferation, such as ATM, p53 and phosphatidylinositol path-
ways. In contrast, the negatively correlated gene sets included
phosphatase and tensin homologue deleted from chromosome 10
(PTEN) and several cellular metabolic pathways (Fig. 3D and
Table S4).

Tumor Growth in Nude Mice

To determine whether the BRIPI-knockdown cells become
tumorigenic, we injected two different clones of non-target
shRNA-transduced cells and three different clones of BRIP!
shRINA-transduced cells into both sides of the mammary fat pads
of 6-week-old female nude mice (5x10° cells on each side at 6 sites
for each non-target shRINA-transduced clones and 6 to 8 sites for
each BRIPI shRNA-transduced clones), and observed for 10
weeks. The BRIPI-knockdown cells did not induce tumor
formation in nude mice. In this study, we also transplanted
MCF-7 and MDA-MB-23]1 human breast cancer cells into the
mammary fat pad as positive controls and these cells did form
tumors (data not shown). These results indicate that loss of BRIP1
alone is insufficient to induce tumor formation.

Discussion

The development of mammary epithelial acini follows a series of
morphogenetic processes, including cell migration, cell-cell com-
munication, epithelial polarity establishment, differentiation, and
hollow lumen formation by luminal cell death [23]. Here, we
revealed that the BRCAl-interacting helicase BRIP1 has impor-
tant roles in promoting normal acinar morphogenesis and loss of
BRIP! disrupts acinar formation possibly through the dysregula-
tion of multiple celluler signaling pathways.
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Figure 3. Differentially expresced genes during acinar morphogenesis of BR/P7-knockdown mammary epithelial cells. (A) Heat map
representing the different expression changes of 88 transcripts in BRIPT shRNA-transduced cells during acinar morphogenesis compared with non-
target shRNA-transduced cells (P<<0.05; =2-fold change). (B) Quantitative RT-PCR validation of selected gene expression changes in BRIPI-
knockdown cells during acinar morphogenesis. The data shown are the mean *+ SD of at least two independent experiments with three different
clones of shRNA-transduced cells. (C) Significantly enriched genes in signaling pathways in the BRIP1-knockdown cells during acinar morphogenesis
(P<0.05). Up- or down-regulated genes are shown in red or blue, respectively. Genes exhibiting a =2-fold change in the BRIP1 shRNA-transduced
cells compared with non-target shRNA-transduced cells are indicated in bold. (D) GSEA of gene sets up- or down-regulated in 3D-cultured BRIP1-
knockdown cells compared with control cells. Gene sets from the C2 collection of the Molecular Signatures Database were tested for enrichment in
the list of genes ranked by expression change in BRIP1-knockdown cells versus control cells. Representative GSEA plots of the enriched gene sets are
displayed (P<0.05 and FDR ¢<0.25). NES, normalized enrichment score; FDR, false discovery rate; KD, knockdown; Ctrl, control; PTDINS,
phosphatidylinositol.

doi:10.1371/journal.pone.0074013.g003

Our microarray analysis revealed abnormalities in the expres-
sion of multiple genes in several signaling pathways in BRIPI-
knockdown cells (Fig. 3). Alterations in components of the LPA,
Myc, Wnt signaling pathways have been implicated in breast
cancer development. LPA has a variety of biological actions in cell
proliferation, survival, motility, and invasion [28], [29]. Up-
regulation of LPA receptors are observed in breast cancer and
activation of MAPK and phosphatidylinositol 3-kinase (PI3K)/
AKT pathways by LPA are implicated in breast cancer
development and progression [30], [31]. Myc is a downstream
target of multiple signaling pathways, including MAPK and Wnt,
and functions as a transcription factor that regulates numerous

genes involved in cell growth, transformation, and angiogenesis.
An abnormality in the Myc-regulated pathway is frequently
reported in breast cancer [32]. Interestingly, loss of BRCAI
accompanied with Myc over-expression accelerates breast cancer
development, especially basal-like breast cancer [33]. Wnt signals
play a critical role in regulating several stages of mammary gland
growth and differentiation, and dysregulation of Wnt signaling
causes breast cancer [34]. In addition, GSEA of BRIPI-
knockdown cells indicated a significant increase in the expression
of genes related to the ATM, p53, and phosphatidylinositol
signaling pathways as well as a decrease in the expression of genes
involved in PTEN signaling pathway. Activation of the DNA-

Table %. Dysregulated genes in BRIP1-knockdown cells during acinar morphogenesis (ANOVA, P<<0.05; fold change =5.0).

Gene symbol  Name GenBank ID Fold change*

NM_002971
NM_005103
NM_001 0,39‘?96
AJ272268
NM_001001547
" NM;ooosgg

Inositol-3-phosphate synthase 1, transcript variant 1

fcohol. e cla ipt

NM_002727

4

nidogen and EGF-like domains 1 NM_001080437

colsar G ype Vill, alph

~PTGFR Prostaglandin F receptor {FP), transcript variant 2 NM_001039585

ADAMTSS ' ADAM metallopeptidase with thrombospondin type 1 mot‘if, 'S k NM_007038

WIPF1. . WASAWASL interacting proteln family, member 1, transcript variant 2 CONML001077269 =102
HSbHBZ H)‘(drbxysteroid (11-beta) dehydrogenase 1, transcript vaﬁant 2 . NM_181755 ’ -11.9

*A positive fold change indicates increased expression in the BRIP1-knockdown cells, and a negative fold change indicates decreased expression in the cells compared
with control cells.
doi:10.1371/journal.pone.0074013.t001
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damage response mediated by the ATM-p53 pathway in BRIPI-
knockdown cells is consistent with a role of BRIPI in maintaining
genomic stability [35], and activation of the ATM-p53 pathway is
also linked to genomic instability in precancerous cells [36-38].
On the other hand, reduced expression of the tumor suppressor
PTEN correlates with breast cancer progression [39]. Down-
regulation of genes associated with PTEN signaling and up-
regulation of phosphatidylinositol signaling in BRIPI-knockdown
cells are consistent with PTEN’s role as a negative regulator of
phosphatidylinositol 3-kinase (PI3K) activity. In fact, abnormalities
in PTEN or PI3K expression induce hyperproliferation of epithelial
cells and disruption of cell polarity [40~42]. Thus, BRIP1 may
function as tumor suppressor by affecting these tumor suppressive
signaling pathways in the mammary glands.

Notably, transcriptional regulator SA7BI, Rho-type GTPase-
activating protein RICH2 and pro-protein convertase PCSK5
were over-expressed in BRIPI-knockdown cells (Table 1 and
Fig. 3B). SATB! is reportedly up-regulated in aggressive breast
cancer and is proposed to reprogram the global expression profile
of multiple genes involved in cell adhesion, polarity, and growth,
as well as the above-mentioned phosphatidylinositol signaling [27],
[43]. Ectopic expression of SATBI is shown to induce tumor-like
morphology in 3D culture and lead to tumor formation and lung
metastasis in nude mice [44]. RICH2 and PCSKS5 play a role in
organizing the actin cytoskeleton and cell polarity [45], [46]. The
gene for the epithelial-specific Ets transcription factor ELF3 (also
known as ESX), involved in mammary gland development [47],
was highly expressed during acinar morphogenesis of BRIPI-
knockdown cells (Table S1 and Fig. 3B). Consistent with this
observation, ELF3 is over-expressed at the early stage of
development of ductal carcinoma in situ [48]. We also found
down-regulation of genes encoding the adhesion-related molecules
GOLBA1 and MCAM in BRIPI-knockdown cells (Table 1 and
Fig. 3B), similar to previous reports [49], [50]. The gene encoding
WIPF1, a member of the WASP and WAVE family of proteins,
and growth arrest-specific gene GAS! were also down-regulated
(Table 1, Tables S2, S3 and Fig. 3B). The former is involved in
organizing the actin cytoskeleton, cell-cell adhesion, and cell
motility [51], and the latter is associated with the higher rate of
proliferation (Fig. 1C and Fig. 2G). Taken together, dysregulation
of these genes may, at least in part, be associated with the
induction of the neoplastic-like changes of BRIPI-knockdown cells
by the disruption of proper cell adhesion, polarity, growth, and
differentiation.

Previously, BRCA1 and SATB! were shown to be involved in
acinar formation of mammary epithelial cells in 3D culture [22],
[27], [44]. Analogous to the findings in the BRCGAI-depleted and
SATBI-overexpressed cells, abnormalities in acinar formation and
proliferation were observed in BRIPI-knockdown cells. However,
the groups of dysregulated genes in the BRIPI-knockdown cells did
not coincide with those reported in the BRCAI-depleted cells [22],
suggesting BRCAl-independent functions of BRIPI in marnmary
gland morphogenesis. In support with this, it has been suggested
that the majority of BRIP! exists in a native complex without
BRCAI [18]. On the other hands, it would be interesting as a
future study to further investigate the physical interaction between
BRIP1 and BRCA1 by comparing side by side the phenotype and
dysregulation of genes in single- and double-knockdown cells of
both proteins. In contrast, the major downstream signaling of
SATBI involving cell adhesion, polarity, growth and phosphati-
dylinosito! signaling [27] was dysregulated in BRIPI-knockdown
cells.

In the present study, we further investigated the tumorigenic
potential of BRIP1-depleted cells in vivs. These cells, which were
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transplanted into mammary fat pads, did not develop into tumor
in nude mice. This result indicates that loss of BRIPI alone is
insufficient to induce tumor formation. This may be related to the
fact that BRIP1 is categorized as a moderate risk gene for breast
cancer. However, it remains to be established whether the
complete inactivation of BRIP1 could induce malignancy.
Recently, Ordinario ¢ al reported that ATM suppresses SATBI-
induced malignant phenotypes of MCF-10A cells [44]. Since our
microarray analysis showed an activation of ATM signaling
pathway in BRIPI-knockdown cells, a part of SATB 1-mediated
signaling events for full malignancy may be prevented by ATM in
these cells.

In conclusion, the present findings suggest critical roles of
BRIP1 helicase in mammary gland development by affecting
multiple cellular signaling pathways, and provide a possible
mechanism to explain how BRIP1 deficiency contributes to breast
tumorigenesis.

Supporting Information

Figure S1 Morphological change in the BRIPI-knockdown
mammary epithelial cells. Phase-contrast images of the non-target
shRNA-transduced (A, B) and the BRIPI shRINA-transduced (C,
D) cells in conventional 2D culture. Scale bars, 50 pm.

(T1TE)

Figure S$2 Expression profiling of the BRIPI-knockdown
mammary epithelial cells. (A) Principal component analysis
distinguished the BRIP/ shRINA—transduced cells from the non-
target shRINA-transduced cells on the basis of their expression
profiles. (B) Distribution of the GO biological processes in the
dysregulated genes in 3D culture of the BRIPI-knockdown
mammary epithelial cells. Genes that were significantly up- or
down-regulated in cells transduced with the BRIPI-specified
shRINA compared with those transduced with the non-target
shRNA are categorized by their GO biological processes.

(TIF)

Table 81 Up- and down-regulated genes (=2-fold, P<<0.05) in
3D culture of BRIP1-knockdown cells compared with control cells
at day 4.

(PDF)

Table 82 Up- and down-regulated genes (=2-fold, P<<0.05) in
3D culture of BRIPI-knockdown cells compared with control cells
at day 8.

(PDF)

Table 83 Up- and down-regulated genes (=2-fold, P<<0.05) in
3D culture of BRIP1-knockdown cells compared with control cells
at day 12.

(PDE)

Table S4 Gene Set Enrichment Analysis (GSEA) gene sets
positively or negatively correlated with 3D cultured BRIPI-
knockdown cells compared with control cells.

(PDF)

Table 85 Oligonucleotide sequences used for quantitative RT-
PCR.

(PDF)

Methods S1
(DOC)

DNA microarray data analysis.
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At the outset of the accident at Fukushima Daiichi Nuclear
Power Plant in March 2011, the radiation doses experienced
by residents were calculated from the readings at monitoring
posts, with several assumptions being made from the point of
view of protection and safety. However, health effects should
also be estimated by obtaining measurements of the
individunal radiation doses. The individual external radiation
doses, determined by a behavior survey in the “evacuation
and deliberate evacuation area” in the first 4 months, were
<5 mSv in 97.4% of residents (maximum: 15 mSv). Doses in
Fukushima Prefecture were <3 mSv in 99.3% of 386,572
residents analyzed. External doses in Fukushima City
determined by personal dosimeters were <1 mSv/3 months
(September-November, 2011) in 99.7% of residents (maxi-
mum: 2.7 mSv). Thyroid radiation doses, determined in
March vsing a Nal (TI) scintillation survey meter in children
in the evacuation and deliberate evacuation area, were <10
mSv in 95.7% of children (maximum: 35 mSv). Therefore, all
doses were less than the intervention level of 50 mSv
proposed by international organizations. Internal radiation
doses determined by cesium-134 (**C) and cesium-137 (*'C)
whole-body counters (WBCs) were <1 mSv in 99% of the
residents, and the maximum thyroid equivalent dose by
iodine-131 WBCs was 20 mSv. The exploratory committee of
the Fukushima Health Management Survey mentions on its
website that radiation from the accident is unlikely to be a
cause of adverse health effects in the future. In any event,
sincere scientific efforts must continue to obtain individual
radiation doses that are as accurate as possible. However,
observation of the health effects of the radiation doses
described above will require reevaluation of the protocol used

1Address for correspondence: Department of Global Health,
Medicine and Welfare, Atomic Bomb Disease Institute, Nagasaki
University, 1-12-4 Sakamoto, Nagasaki 852-8523, Japan; e-mail:
takamura@nagasaki-u.ac.jp.
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for determining adverse health effects. The dose-response
relationship is crucial, and the aim of the survey should be to
collect sufficient data to confirm the presence or absence of
radiation health effects. In particular, the schedule of
decontamination needs reconsideration. The decontamina-
tion map is determined based on the results of airborne
monitoring and the radiation dose calculated from readings
taken at the monitoring posts at the initial period of the
acecident, The decontamination protocol should be reevaluat-
ed based on the individual doses of the people who desire to
live in those areas. © 2013 by Radiation Research Society

INTRODUCTION

More than two years have passed since the accident at the
Fukushima Daiichi Nuclear Power Plant, but scientific
information on that accident has not yet been compiled (/-
4). The assessment of radiation doses in the general
population in Fukushima is important for evaluating the
scale of the accident as well as the effectiveness of
countermeasures taken by the local and central Japanese
governments. In addition, the results of this assessment
provide important and fundamental information for prepar-
ing future countermeasures. Radiation doses in the initial
period after the accident were calculated from simple
readings taken at monitoring points using several assump-
tions with respect to protection and safety. Information
about individual radiation doses should be used immedi-
ately to estimate the health effects of radiation.

Various research institutes have reported (in Japanese)
measurements of individual radiation doses of residents
surrounding the Fukushima Daiichi Nuclear Power Plant at
various times and places since the accident. Each research
institute will present formal reports in English at a later date,
but we, as members of Japanese scientific societies, have
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FIG. 1. The ambient dose equivalent around the nuclear power plant at the initial phase of the accident, recorded by monitoring devices that
were not damaged by the earthquake or tsunami. The location of each city and village is indicated in Fig. 2a. 1. Hydrogen explosion at unit 1 at
15:36, March 12, 2011; 2. Hydrogen explosion at unit 3 at 11:01, March 14, 2011; 3. Hydrogen explosion at unit 4 at 06:14, March 15, 2011; a.
Vent opened at unit 1 at 10:17, March 12, 2011; b. Vent opened at unit 3 at 08:41, March 13, 2011; c. Vent opened at unit 2 at 11:00, March 13,
2011; d. Vent opened at unit 3 at 05:20, March 14, 2011; and e. Vent opened at unit 2 at 00:02, March 15, 2011.

reviewed reports (mainly located on Japanese websites) on
the estimation and the actual measurement of the individual
radiation doses in residents. In this article, we present a brief
summary of these measurements to worldwide specialists in
the field of radiation research.

OUTLINE OF THE ACCIDENT AND ITS
COUNTERMEASURES

On March 11, 2011, a 9.0-magnitude earthquake (the
Great East Japan Earthquake) struck the east coast of Japan
near Iwate, Miyagi and Fukushima Prefectures. Fifty
minutes after the earthquake, a tsunami with a height over
15 m hit the Fukushima Daiichi Nuclear Power Plant,
causing extensive damage to its cooling system and
resulting in the loss of all power sources at the plant (4).
Consequently, a radioactive plume from units 14 was
dispersed into the atmosphere. Figure 1 shows the dose rates
around the nuclear power plant at the initial phase of the
accident, which were recorded by monitoring devices that
had not been damaged by the earthquake or tsunami.

Instructions to evacuate or rernain inside were issued to
the local residents by the Director-General (Prime Minister)
of the Nuclear Emergency Response Headquarters. This
office was established on March 11, 2011, within the
Cabinet of Japan, to organize this emergency response: At
20:50 on that day, residents who lived within a 2-km radius

of the plant were told to evacuate. This order was extended
to a 3-km radius at 21:23 on that day, then to a 10-km radius
on the moming of March 12, and then‘to a 20-km radius that
afternoon. On March 14, Fukushima Prefecture performed
ambient dose monitoring, and on March 15, those living
within 20-30 km were instructed to take shelter inside their
houses (5). On March 17, the government initiated ‘“‘food
control” to minimize internal radiation exposure, and all
contaminated cow’s milk was disposed of. These decisions
resulted in the evacuation of almost 110,000 people after the
accident.

On April 22, 2011, the government designated a
“‘deliberate evacuation area” where the annual cumulative
radiation dose was predicted to reach 20 mSv (5).
Chronological events during the initial phase of the accident
are shown in Table 1. Many issues are currently being
discussed, such as decontamination, health check-ups and
the return of the population. To date, no victims or.patients
with acute radiation syndrome have been reported in the
general population or among workers in the nuclear power
plants.

ESTIMATION OF INDIVIDUAL EXTERNAL
RADIATION DOSE FROM A BEHAVIOR SURVEY

The Fukushima Health Management Survey conducted
by Fukushima Prefecture estimated the external radiation

1173 —
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TABLE 1
Chronological Events During the Initial Phase of the Accident at the FNPP

Nuclear power plant accident/evacuation
Date Orders/evacuation

Implemented policies on food control

March 11
21:23 — Evacuation order within a 3-km radius
21:23 — Sheltering order within a 3—-10-km radius
March 12
radius
5:44 — Evacuation instructions within a 10-km radius
15:36 ~ Unit 1: Hydrogen explosion
18:25 — Evacuation order within a 20-km radius
March 14  11:01 — Unit 3: Hydrogen explosion
March 15
~ Unit 4: Hydrogen explosion
10:00 — Evacuation of Namie Town recommended
11:00 — Sheltering order within a 20-30-km radius

0:30 — Complete evacuation of residents within a 3-km

20:50 — Evacuation order for residents within a 2-km radius

6:14 — Unit 2: suppression chamber: Hydrogen explosion

14:00 — Complete evacuation of residents within a 20-km

radius
March 17

March 21

March 25 11:46 — Chief Cabinet Secretary announced an active

Establishment of provisional regulation values for 1
(300 Bq/kg for drinking water and milk and 2,000 Bg/
kg for vegetables, respectively), **Cs and *"Cs (200 Bg/
kg for drinking water and milk, 500 Bg/kg for
vegetables, grains and meats, fishes and eggs,
respectively).

Order to restrict shipping of food products exceeding
provisional regulation values (hereafter, shipping
restricted on products exceeding regulation values).

voluntary evacuation of residents within a 20~30-km

radius
Establishment of a deliberate evacuation area and
restricted area

April 22

dose of residents based on their behavior. The National
Institute of Radiological Sciences (NIRS) developed an
external radiation evaluation system that estimated individ-
ual external radiation doses using two types of information
collected during the 4 months after the accident (March 11
to July 11, 2011). Information was gathered about residents’
behaviors within their dwellings and other places that they
visited, their modes of transportation, times of occupancy
(indoor, outdoor), and the ambient dose equivalent
monitored by the government and other related organiza-
tions (6).

On January 25, 2012, at their fifth reviewing board
meeting, the Fukushima Prefectural Health Survey an-
nounced the provision of results for the individual external
dose for 1,727 residents in the evacuation and deliberate
evacuation areas to residents on December 13, 2011: 65
residents were from litate Village, 228 from Kawamata
Town and 1,296 from Namie Town. Of these, 1,589 were
not radiation workers (6). Among these 1,589 residents
from the evacuation areas, 987 (62.8%) received <1 mSv;
1,335 (85.8%) received <2 mSv; 1,464 (93.9%) received
<3 mSv; and 1,518 (97.4%) received <5 mSv. The
maximum dose was 15 mSv (Fig. 2). The survey committee
concluded from these radiation doses that health effects are
unlikely to appear in the future (7, 8).

— 1174

In February 2013, Fukushima Prefecture summarized the
results of questionnaire responses from 477,121 out of
2,056,994 residents (23.3%) who resided in Fukushima
Prefecture at the time of the accident. These results
indicated that 256,281 (66.3%) of the residents had
exposures <1 mSv, 367,175 (95.0%) had <2 mSv and
383,901 (99.3%) had <3 mSv (9) (Fig. 3).

MEASUREMENTS OF INDIVIDUAL EXTERNAL
EXPOSURE USING A PERSONAL DOSIMETER

The measured individual external doses of Fukushima
residents, obtained from personal dosimeter readings, are
summarized in Table 2. The categories included the type of
personal dosimeter and its sensitivity, measurement period,
number and age of residents surveyed, and dose range. Each
city reported a dose range by different summary methods.

Two types of personal dosimeters were used in each city:
the Glass Badge® (Chiyoda Technol Corp.) was used in
Fukushima City and Date City. While the Quixel Badge®
(Nagase Landauer, LTD) was used in Nihonmatsu City,
Tamura City and Koriyama City. The measurement
principle behind the Glass Badge® is radio photolumines-
cence, while the Quixel Badge® uses optically stimulated
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FIG. 2. Individual external radiation doses in the “‘evacuation” and “‘deliberate evacuation™ areas during the first 4 months (panel a). The
number of people examined in each village or town is indicated in panel b.

luminescence; the measurement limit of both types is 0.01
mSv.

In Fukushima City, personal dosimeters were distributed
to infants, elementary and junior high school students and
pregnant women. The measurement period was 3 months,

from September 1 to November 30, 2011. The individual
accumulated external dose for a three-month period was
obtained for 36,767 people. Fukushima reported the
frequency distribution of accumulated doses in its residents
as follows: 87.2% of surveyed residents received doses of
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FIG. 3. Individual external radiation doses in Fukushima Prefecture. From a total of 2,056,994 subjects,
477,121 (23.2%) responded and 386,572 subjects who were nonradiation workers were analyzed.
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TABLE 2
The Individual External Exposure Dose of the Residents in Fukushima Measured by Personal Dosimeters
Personal dosimeter Number
Measurement of residents Dose range
City Maker Sensitivity period surveyed Age group (frequency/districts/age group)
Fukushima Chiyoda Technol >0.01 mSv  September 1 36,767  Junior high school Frequency distribution,
Corp. Glass —November 30, students and below, accumulated dose
Badge® 2011 (3 months) as well as pregnant (3 months)
: women (D mSv)
D < 0.1 mSv: 9.0%
0.1 £ D < 0.5 mSv: 78.2%
05 £D < 1.0 mSv: 12.5%
1.0 £D < 1.5 mSv: 0.25%
1.5 £ D < 2.0 mSv: 0.027%
2.0 £ D < 2.5 mSv: 0.005%
2.5 <D < 3.0 mSv: 0.014%
Date (10) Chiyoda Technol >0.01 mSv  September 1 9,443  All ages District, average accumulated
Corp. Glass ~November 30, dose (3 months)
Badge® 2011 (3 months) Ryozen district: 0.71 mSv
Tsukidate district: 0.43 mSv
Hobara district: 0.31 mSv
Date district: 0.20 mSv
Yanagawa district: 0.17 mSv
0.3% (33 persons), = 10
mSv/year
2 persons, 2 20 mSv/year
Nihonmatsu Nagase Landauer, >0.01 mSv September 1 8,725  0-6 years: 2,096 Age group, average accumulated
dn LTD Quixel ~November 30, dose (3 months)
Badge® 2011 (3 months) 0-6 years: 0.41 mSv
Elementary School: Elementary school: 0.37 mSv
3,158
Junior high School: Junior high school: 0.37 mSv
1,654
High School: 703 High school: 0.41 mSv
19-40 years (female): 19-40 years (female): 0.38 mSv
1,079
Other students: 35 Other students: 0.28 mSv
Tamura Nagase Landauer, >0.01 mSv September 30, 2011 4,559  Junior high school and District (persons), average
2 LTD Quixel —~January 10, 2012 below, as well as accumulated dose (103 days)
Badge® (103 days) pregnant women Takine (626): 0.10 mSv
Ohgoe (509): 0.10 mSv
Miyakoji (302): 0.17 mSv
Tokiwa (734); 0.16 mSv
Funehiki (2,468): 0.15 mSv
Koriyama  Nagase Landaver, >0.01 mSv November 7, 2011 24,115  Elementary school / Frequency distribution,
3) LTD Quixel —~January 9, 2012 Junior high school accumulated dose (64 days)
Badge® (64 days) Highest 1.31 mSv / Lowest 0.01

mSv / Average 0.17 mSv
0.01-0.09 mSv: 21.7%
0.10-0.19 mSv: 41.7%
0.20-0.29 mSv: 28.4%
0.30-0.39 mSv: 6.5%
0.40-0.49 mSv: 1.2%
0.50-: 0.37%

<0.5 mSv/3 months and 99.7% received <1 mSv/3
months. Cases where values exceeded 2 mSv were
determined to be results of inappropriate use of the badges
(e.g., placed outdoors, left on bicycles or put through X-ray
inspection during baggage checks at the airport).

Date City and Tamura City totaled the personal
accumulated doses of their residents according to district.
Date City’s measurements were obtained over 3 months and

reported as accumulated doses for residents of each district.
The dose was lowest in Yanagawa district (0.17 mSv) and
highest in Ryozen district (0.71 mSv) (/0). Nihonmatsu
City reported the accumulated doses over 3 months by age
groups (i.e., elementary school students, junior high school
students, etc.), with a dose range of 0.28-0.41 mSv (/1I).
Tamura City measured the personal accumulated doses for
103 days, with a dose range from 0.10 mSv at Ohgoe and
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FIG. 4. Screening survey on thyroid exposure for children performed from March 26-30, 2011, by the Nuclear Emergency - Response
Headquarter and NIRS, indicated with the thyroid equivalent dose evaluated by SPEEDI system. The thyroid dose was calculated using the
internal dose coefficients currently available from International Commission on Radiological Protection (ICRP) publication 72 and the age-

dependent thyroid mass. We used a systemic model for iodine (ICRP

publication 56) and general models of the respiratory tract for inhalation

(ICRP publication 66). The dose estimation was also based on a scenario of chronic intake via inhalation from March 12, 2011, to the day before
the measurement day. Panel a: the numbers in the parentheses indicates the number of people examined in each village or town and the age

distribution of children is shown in panel b,

Takine to 0.17 mSv at Miyakoji (/2). Koriyama City
reported a frequency distribution for its residents with
accumulated doses for 64 days; 91.89% of those surveyed
had a dose range of 0.01-0.29 mSv (I3).

Fukushima Prefecture announced the results of measure-
ments made using personal dosimeters in its 22 municipal-
ities, omitting the names of cities, towns or villages for
reasons of personal information protection (/4). The
prefecture indicated that the median reported values were
<1 mSv/year.

RADIATION DOSE TO THYROID GLANDS IN
CHILDREN

The SPEEDI system suggested that the thyroid equivalent
dose might have reached 100 mSv in hypothetical one-year-
old children in some areas, based on the assumption of a
continuous intake of contaminated foods from March 12~
24, 2011. Thus, evaluation of the thyroid dose was urgent
for residents in these areas.

The unavailability of thyroid monitors meant that an
alternative thyroid monitoring method, using a Nal (TI)

scintillation survey meter, was used for ambient dose rate
measurements. This test was performed from March 26-30,
2011.

Overall, 315 children ranging from 0-15 years of age
from Iitate Village, 631 from Kawamata Town, and 137
from Iwaki City participated in the survey. The number of
children are shown in Fig. 4a and the age distribution of
these children is shown in Fig. 4b. Figure 5 shows the
distribution of thyroid equivalent doses estimated from the
screening survey and intake scenario from March 12, 2011,
to the day before measurement: 95.7% of the children
received <10 mSv, with a maximum of 35 mSv, which is
lower than the intervention level (50 mSv) (5, 76). In Fig.
6, these values are compared to those of the dose-response
relationship between thyroid cancer and iodine-131 (**'I) in
the Ukraine and Belarus as a result of the Chernobyl
accident (17, 18). Values for Fukushima are shown on the
red line in the figures.

In a separate project, Tokonami et al. conducted *'I-
activity measurements of the thyroid glands of 62
residents and evacuees during the period from April 12—
16, 2011, by placing a Nal (TI) scintillation spectrometer
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