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Neutron radiation, a high-linear energy transfer radia-
tion, has a high relative biological effectiveness (RBE) for
various end points. The age at exposure is an important
modifier of the effects of radiation, including carcinogen-
esis, with infants being generally more radiosensitive.
PtchI*~ mice offer a unique experimental system for
assessing radiation carcinogenesis. Spontaneous develop-
ment of medulloblastoma tumors occurs in nonirradiated
animals that lose their Pfchl* allele, most frequently by a
loss of heterozygosity (LOH) of chromosome 13 via
recombination or non-disjunction (referred to as S-type
tumors). In contrast, tumors occur in irradiated Ptchl*-
mice as a result of chromosome 13 LOH with an interstitial
deletion (R-type), making spontaneous and radiation-
induced tumors discernible. To elucidate the influence of
age on the effect of fast neutrons, we irradiated Ptchl*~
mice with neutrons (mean energy, ~2 MeV) or y rays on
embryonic day (E)14 and E17 and on postnatal day (P)1, 4
or 10 and classified the resulting medulloblastomas based
on chromosome 13 aberrations. Instead of LOH, some
tumors harbored mutations in their Ptchl* gene via a
nonirradiation-associated mechanism such as duplication,
insertion, base substitution or deletion with microhomology-
mediated end joining; thus, these tumors were classified as
S-type. The RBE regarding the induction of R-type tumors
was 12.9 (8.6, 17.2), 9.6 (6.9, 12.3), 21.5 (17.2, 25.8), and 7.1
4.7, 9.5) (mean and 95% confidence interval) for mice
irradiated on E14, E17, P1 and P4, respectively, with the
highest value seen during the most active development of
the tissue and P10 being completely resistant. These results
indicate that the developmental stage at exposure of the
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tissue influences the RBE of neutrons.
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INTRODUCTION

Human exposure to neutron radiation is increasing with
the development of new technologies. For example,
astronauts are exposed to neutrons produced from protons
impinging on spacecraft, cancer patients are exposed to
secondary neutrons generated in therapeutic devices related
to proton, heavy-particle and intensity modulated radiation
therapies, and people have been exposed to neutrons as a
result of severe nuclear accidents (/-5). Neutron radiation is
a high-linear energy transfer (LET) values compared to
gamma () rays, its relative biological effectiveness (RBE)
is high for biological end points including those assessed in
vitro and in vivo, such as cell killing, life shortening or
tumor development (6—9). The age at the time of exposure is
an important modifier of various radiation effects including
tumor induction (/0). The recent development of proton and
carbon-ion radiotherapies as treatments for pediatric cancer
(11, 12) has raised substantial concerns regarding neutron-
induced second-cancer risk in survivors who have received
these therapies (/3-16). Epidemiology on the carcinogenic
effect of neutrons has been very limited with few exceptions
(17). Regarding the effect of radiation exposure during
infancy, the result of the atomic bomb survivor cohort with
in utero/childhood exposure has been among the most
informative (/8), but neutrons were only a small component
of the overall exposure. On the other hand, rodent
experiments exploring the long-term consequences of
neutron exposure during infancy have indicated its
significant effects on life span and tumor induction (/9-
21). Still, extremely limited data have been available on the
carcinogenic effect of neutron radiation during infancy.

Cancer develops as a result of various environmental and
genetic factors including radiation exposure (22). Cancer-
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prone subpopulations include individuals who have genetic
defects in DNA repair machinery or in signaling pathways
related to organ development, examples of the latter being
the Hedgehog and Wnt cascades (23). Among the mouse
models based on deficiencies in these genes is the Ptchl ™'~
mouse, a model of Gorlin syndrome, which carries a
defective copy of a tumor suppressor gene involved in
negative regulation of the sonic hedgehog (Shh) signaling
pathway (24). Ptchl*~ mice often develop medulloblasto-
mas (MBs) as a result of deregulation of the Shh signal in
the granule cells of the external granular layer of the
cerebellum (25), and the frequency increases after mice are
exposed to radiation during a narrow window of time
around birth (26). Loss of the wild-type Ptchl allele on
chromosome 13 is evident in almost all spontaneously
developed and radiation-induced MBs (27). We previously
confirmed that the MBs which developed after radiation
exposure exhibited an interstitial deletion resulting in loss of
the wild-type Ptchl allele (designated as ‘‘radiation-
induced” or R-type MB), and that almost all spontaneously
developed MBs exhibited loss of all chromosomal regions
distal to the wild-type Ptchl (designated as ‘‘spontaneous’
or S-type MB) (28, 29). As such, MBs of Ptchl*~ mice
provide a useful experimental system for directly assessing
the cancer-inducing effect of radiation by focusing on these
R-type tumors.

The goal of the current study was to clarify the age
dependence of the effect of fast neutrons and their RBE
regarding the induction of MBs in Ptchl*~ mice. For this
purpose, we took advantage of the above-mentioned
characteristics of genetic aberration specific to radiation-
induced MBs. Furthermore, molecular analysis of the
neutron-induced tumors revealed a complex biological
mechanism distinct from that induced by 7y rays and X rays.

MATERIALS AND METHODS
Mice

Mice having one nonfunctional Ptchl allele (Ptchl™#m/crm,
hereafter referred to as Ptchl*~), generated through disruption of
exons 6 and 7 in 129Sv embryonic stem cells (24), were initially
obtained from the European Mouse Mutation Archive (ID: EM:00159)
(30), and were maintained on the C57BL/6JCrl (B6) background at the
National Institute of Radiological Sciences, National Institutes for
Quantum and Radiological Science and Technology (QST-NIRS;
Chiba, Japan). F1 hybrid mice were generated by crossing wild-type
C3H/HeNCirlICrlj (C3H) female and Ptchl*~ B6 males. Genotyping of
mice was performed by polymerase chain reaction (PCR) of DNA
isolated from ear punches as described elsewhere (29). The rearing
environment was as described elsewhere (29). These experiments were
carried out with permission from and under the regulation of the
Institutional Animal Care and Use Committee of QST-NIRS (approval
no. 11-1026).

Irradiations

Neutron irradiation was performed using the Neutron-exposure
Accelerator System for Biological Effect Experiments (NASBEE) at
QST-NIRS. This irradiation facility and related dosimetry have been
described elsewhere (37). Briefly, homogeneous space distribution of
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neutrons over a diameter of 30 cm was confirmed by measurement
using an ion chamber and a low-pressure proportional counter at
several distances from the beam center. The ion chamber had been
calibrated using a national standard traceable “°Co photon source. The
neutrons in the irradiation compartment have a mean energy of 2.3
MeV and are delivered at an average dose rate of 24 mGy/min (except
that irradiation at 0.025 Gy was carried out at ~12 mGy/min),
whereas the kerma of tissue-equivalent-plastic (A-150)-weighted
mean energy was 3.0 MeV; the y-ray contamination in the neutron
beam was reduced to 18% by a shutter installed at the beam port (3/).
Mice received whole-body irradiation in utero on embryonic day
(E)14 or E17 or on postnatal day (P)1, P4 or P10 with 0.025-0.5 Gy of
neutrons. Perinatal mice in this study were therefore of both sexes.
Gamma-ray irradiation was performed using a Gammacell® 40 (MDS
Nordion™ Inc., Ottawa, Canada) with a '*’Cs source at a dose rate of
540 mGy/min. Non-anesthetized animals were put in an acrylic
irradiation enclosure (diameter, 23 cm) during irradiation. Newborn
mice (P1 and P4) were warmed by a halogen lamp after irradiation and
were immediately returned to their mothers. To preserve animal
numbers, historical nonirradiated and y-ray irradiated groups (0.1 Gy
and 0.5 Gy; E14, E17, P1 and P4) from our previously published study
(29) were used with identical perinatal irradiation protocols. Control
mice were not sham-irradiated. The experimental groups and animal
numbers are shown in detail in Supplementary Table S1 (https://doi.
org/10.1667/RADE-21-00025.1.S1).

Tissue Preparation and Analysis of MBs

After irradiation, mice were observed and tissue samples were
prepared as described elsewhere (29). In brief, mice were observed
daily and, upon moribundity, were euthanized under anesthesia for
autopsy. Portions of cerebellar tumors and normal tissues (ear and tail)
were snap frozen in liquid nitrogen. The remaining portions of brain
and any other visible lesions were fixed in 10% phosphate-buffered
formalin and used for pathological diagnosis using the system of the
Japan StoreHouse of Animal Radiobiology Experiments (J-SHARE)
(32).

LOH Analysis and Array-based Comparative Genomic Hybridization
(CGH)

DNA preparation, LOH analysis and DNA copy number analysis
were performed as described elsewhere (27-29). Briefly, LOH was
analyzed for six microsatellite markers on chromosome 13 and a
single-nucleotide polymorphism (SNP) in exon 23 of murine Prtchi.
To examine DNA copy number aberrations affecting chromosome 13,
array CGH analysis was performed using custom CGH microarrays
(Agilent Technologies Inc., Santa Clara, CA; GEO Platform no.
GPL19183). Fluorescent labeling of DNA, hybridization and post-
hybridization washing were performed, and the array slides were
processed and scanned following the manufacturer’s protocol (Agilent
Technologies Inc.). Probes with saturated signals were excluded, and
then copy number variations were identified with Genomic Work-
bench Lite Edition 7.0 software (Agilent Technologies Inc.) using the
probe-quality-weighted interval scores (ADM-2, threshold = 5.0) and
default normalization and centralization of the data. The microarray
data have been deposited in the Gene Expression Omnibus database
under accession number GSE173641.

Mutation Analysis of Ptchl

PCR primers were designed to amplify four overlapping regions of
Ptchl cDNA (exons 2—-12, 11-19, 15-20, and 18-23; Supplementary
Fig. S1A and Supplementary Table S2; https://doi.org/10.1667/
RADE-21-00025.1.S1). To determine whether the mutation was on
the B6 or C3H allele, we took advantage of the sequence of the neo
cassette inserted in place of exons 6 and 7, as well as SNPs in Prchl
(Supplementary Fig. S1B and Supplementary Tables S2 and S3).
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FIG. 1. Dose response of the hazard ratio of the incidence of medulloblastoma in Ptchl ™~ mice. Panels A-J:
Ptchl*"~ mice received y-ray (panels A—E) or fast neutron (panels F-J) irradiation on embryonic day (E)14 or 17
or postnatal day (P)1, 4 or 10 and were observed until P500. Data for groups y-ray irradiated on E14 (0.1 and 0.5
Gy), E17 (0.1 and 0.5 Gy), P1 (0.1 and 0.5 Gy), and P4 (0.1 and 0.5 Gy) are from previously published work
(29). Hazard ratios (dots) are superimposed with linear dose response models (solid line). Error bars show 95%
confidence intervals; in panel H, the arrow with a number in parentheses indicates the upper limit. *P < 0.05 and

*#tP < 0.01 by Cox regression.

Genomic DNA sequences were analyzed to determine mutations in the
coding region and at the splice donor sites using the primers and PCR
conditions as described elsewhere (Supplementary Fig. SIC and D,
Supplementary Table S3).

Statistical Analysis

Pairwise differences in the incidence of the tumor types were
evaluated from 2 X 2 contingency tables by Fisher’s exact test.
Cumulative incidence of MB-related moribundity was described using
the Kaplan-Meier method, with difference between groups compared
with the log-rank test. A Cox proportional hazards model was used to
compute hazard ratios. For all analyses, P < 0.05 was considered
significant. The relationship between the dose and hazard ratio was
fitted to a linear equation with a y-intercept of 1 by the least-squares
method. Given that RBE is generally defined as the ratio of the two
radiation types that result in an identical effect, we defined it as the
ratio of the slopes of the two radiation types. Standard errors of ratio
values were calculated using the delta method. All statistical analyses
were performed on StatMate V (ATMS, Chiba, Japan) and with
software EZR (33).

RESULTS

Induction of MBs in Ptchl™~ Mice after Gamma-Ray and
Neutron Irradiation

To clarify the biological effect of neutrons on the
incidence of MB and its age dependence, compared to that
of v rays, we monitored the MB development up to P5S00 in
Ptchl*~ mice that received neutron or y-ray irradiation at
0.025-0.5 Gy. Moribundity was reached in 860 out of 1,291
mice (67%) by P500, and all MBs therein were patholog-
ically diagnosed (Supplementary Table S1; https://doi.org/
10.1667/RADE-21-00025.1.S1). Kaplan-Meier plots of
MB-free survival were constructed using data before P500
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(Supplementary Fig. S2), and a hazard ratio was calculated
for each dose using the Cox proportional hazard model.
Hazard ratios increased after neutron irradiation in a dose-
dependent manner, where a significant increase was noted at
lower doses of 0.1 Gy (E14 and E17, both P < 0.01) and
0.05 Gy (P1, P < 0.01); the susceptibility decreased slightly
at P4 (with a significant increase only at 0.5 Gy, P < 0.05),
whereas a significant reduction was observed at 0.5 Gy at
P10 (P < 0.01) (Fig. 1). In contrast, the y-ray irradiated
groups showed a significant increase in the hazard ratio only
for 0.5 Gy at P1 (P < 0.05), and there was only a non-
significant increase for 0.5 Gy at E14 and E17, with a
tendency toward a decrease at P4 and P10. Because of the
small increase in the y-ray irradiated groups, it was
considered unrealistic to calculate a statistically significant
RBE of neutrons as relative to that of y rays based on these
hazard ratio data.

LOH and DNA Copy Number Analyses of MB

As noted in the Introduction, MBs of Ptchl ™~ mice are
classified into two molecular subtypes, which R- and S-
type, based on the pattern of LOH on chromosome 13 (27,
28). Therefore, we theorized that this technique would
provide a more sensitive approach to obtaining the RBE of
neutrons in the current study and identified R-type MBs to
quantitatively compare the effects of neutrons and y rays.
We examined the LOH patterns of chromosome 13, which
harbors the Ptchl locus, in all tumors from the experi-
mental groups (nonirradiated, 31 tumors; neutron irradiat-
ed, 450 tumors; y-ray irradiated, 292 tumors) except for
one tumor and five tumors in the y-ray and neutron
irradiated groups, respectively, which were unavailable for
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FIG. 2. Chromosome 13 loss of heterozygosity (LOH) and copy number aberrations in spontaneous and
radiation-induced medulloblastomas from Pzchl*~ mice. Chromosomal regions and positions of polymorphic
markers are shown on the left and right side of the schematic chromosome, respectively. Open circles indicate
loss of a C3H allele, and filled circles indicate retention of both B6 and C3H alleles. Note that the wild-type
Ptchl allele is located on the C3H chromosome in these mice. Large circles indicate the results of LOH obtained
from polymorphic markers, and small circles indicate the results of LOH obtained from a single-nucleotide
polymorphism (SNP) in exon 23 of Ptchl. Panel A: LOH patterns of S-type and R-type tumors. S-type tumors
are marked by allelic losses at all consecutive markers distal to the Ptchl locus, indicated with gray shading,
whereas R-type tumors show allelic loss(es) only at markers in the interstitial region around or within the Prchl
locus; N-type tumors were without LOH. Panel B, left side: LOH patterns of tumors with multiple deletions
having a hemi-allelic loss at interstitial sites involving the Ptchl locus and another allelic loss at distal sites.
LOH of these types existed only in neutron-induced MBs [0.5 Gy at P4 (sample no. 1), 0.1 Gy at P10 (no. 2 and
4), and 0.5 Gy at P10 (no. 3)]. Panel B, right side: Results of the DNA copy number analysis, indicating the
consistency of these LOH patterns.

molecular analysis because of their autolysis. Almost all
neutron- and y-ray-induced MBs showed loss of the wild-
type Ptchl allele on the C3H-derived copy of chromosome
13 and were classified as S- or R-type (Fig. 2A and
Supplementary Fig. S3; https://doi.org/10.1667/RADE-21-
00025.1.S1). Furthermore, the incidence of R-type MBs
increased, whereas that of S-type MBs tended to decrease,
in a dose-dependent manner in all groups except P10 (Fig.
3), as observed in a previously published study on X rays
28).
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Interestingly, although rare, 5 of 305 (1.6%) R-type
tumors in the neutron irradiated groups (one each from the
group of 0.5 Gy at E14, P4 and P10 and two from 0.1 Gy at
P10) exhibited two separate LOH regions of the C3H allele
on chromosome 13, one encompassing the Ptchl locus and
the other close to the telomere (Fig. 2B and Supplementary
Fig. S3A; https://doi.org/10.1667/RADE-21-00025.1.S1).
An array-CGH analysis of four of the above five tumors
showed reduction in the DNA copy number in those LOH
regions (Fig. 2B), indicating interstitial and terminal
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FIG. 3. Dose response of the incidence of S-, R- and N-type medulloblastomas in Ptchl*~ mice. *P < 0.05,
*#*P < 0.01 vs. nonirradiated control by Fisher’s exact probability test.

deletions of the C3H allele. Such patterns of LOH have not
been observed in results from y- and X-ray-induced tumors
(28, 29).

Mutation of Ptchl in MBs without LOH

In the above analysis, LOH encompassing the Ptchl locus
was not detected in 53 of the 773 tumors (6.9%) [3 of 31
(9.7%) in the nonirradiated, 18 of 450 (4.0%) in the neutron
irradiated, and 32 of 292 (10.9%) in the y-ray irradiated
groups], and we tentatively referred to these tumors as ““N-
type”” (no evidence of LOH). Most MBs in Ptchl "~ mice
show inactivation of the wild-type Ptchl allele, with only a
minority retaining it intact (34, 35). We therefore analyzed
the cDNA and genomic DNA of 37 N-type MBs (3 from
nonirradiated, 12 from neutron irradiated, and 22 from y-ray
irradiated mice) and found mutations in Ptchl in 26 tumors
(70%). MBs without any mutations in Pzch/ were found
only among the neutron- and y-ray irradiated tumors and
occurred at frequencies [6 of 12 (50%) and 5 of 22 (23%)
N-type tumors, respectively] (Table 1 and Supplementary
Fig. S4; https://doi.org/10.1667/RADE-21-00025.1.S1).
Most of the mutations were deletions of 1-1,908 bp and
resulted in de novo termination codons and amino acid
changes affecting important functional sites including the
Hedgehog-binding and sterol-sensing domains [3 of 3
(100%) N-type tumors in nonirradiated, 4 of 6 (67%) N-
type tumors in neutron irradiated, and 9 of 17 (53%) N-type
tumors in 7y-ray irradiated mice]. Among them, the
junctional sequences in five tumors (three in nonirradiated,
one in neutron irradiated, and one in y-ray irradiated mice)
indicated that the deletions resulted from a DNA repair
mechanism involving the microhomology-mediated end
joining (Table 1 and Supplementary Fig. S4; https://doi.org/
10.1667/RADE-21-00025.1.S1), a mechanism of mutagen-
esis not necessarily associated with radiation. The rest of the
mutations were duplications, insertions, and base substitu-
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tions at splice acceptors, which also resulted in de novo
termination codons and amino acid changes.

We further investigated whether the B6 or C3H alleles
had the mutation for each tumor, taking advantage of SNPs
and the neo cassette inserted in place of exons 6 and 7 in the
B6 allele (Supplementary Fig. S1; https://doi.org/10.1667/
RADE-21-00025.1.S1); these approaches enabled identifi-
cation of the allele (i.e., B6 or C3H) harboring mutations in
exons 3, 4, 9, 10, 21 and 22. The result showed that
mutations were on the C3H allele, indicating that these
mutations affected the function of the wild-type Ptchl
allele, except for one case in the nonirradiated group that
had a mutation in the B6 allele. Based on these results, the
observed mutations in Ptchl in the “N-type” tumors were
unlikely to be radiation specific. Furthermore, these N-type
tumors did not increase in a dose-dependent manner, unlike
the R-type tumors (Fig. 3). We therefore conclude that the
N-type MBs should be classified as S-type, instead of R-
type, tumors.

Assessment of the Effect of Gamma Rays and Neutrons on
Induction of R-type MBs

Based on the above classification of MBs into S- and R-
types, we analyzed the MB development after neutron and
v-ray irradiations at various ages relative to that of the
nonirradiated group (Fig. 4A and Supplementary Fig. S5;
https://doi.org/10.1667/RADE-21-00025.1.S1). The surviv-
al curves of mice with S-type MBs did not show significant
differences between the nonirradiated and irradiated groups,
except for a neutron irradiated group (0.5 Gy on P10) in
which tumor development was decreased. As for the R-type
MBs, neutrons significantly increased the tumor develop-
ment at doses above 0.1 Gy in the E14 and E17 groups (P <
0.05), at or above 0.025 Gy in the P1 group (P < 0.05), and
at 0.5 Gy in the P4 group (P < 0.05). Gamma rays also
significantly increased tumor development at 0.5 Gy in the
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TABLE 1
Mutations Identified in “N-type” Medulloblastomas
Radiation
type, Age at Dose Junction Exon(s)  Parental
case no. irradiation  (Gy) cDNA alteration Protein alteration (overlap sequence) affected  origin®
None
1 N/A 0 €.2,662_2,845del p. Leu888Ser fsTer917 MMEJ (TAGAC) 17 B6“
2 N/A 0 ¢.3,030_3,057del p. Argl,011Trp fsTerl,019 MMEJ (G) 18 n/d
3 N/A 0 .2,783_2,792delinsA p. Arg928GlIn fsTer935 MMEJ (GGCC) 17 n/d
Neutrons
4> P4 0.05  ¢.353_542del p. Vall18Gly fsTer143 N/A 3 C3H¢
5 P4 0.05  ¢.2,704delC p. Pro902Arg fsTer910 N/A 17 n/d
6 P4 0.1 c.2,595delC p- Asp865Glu fsTer889 N/A 16 n/d
7 P10 0.1 ¢.2,576_2,609dupinsA  p. Try859Ter N/A 16 n/d
8 P10 0.1 c.1,362_1,385del p. Val455_Leu462 del MMEJ (GT) 10 C3H¢
9 P10 0.1 c.2,726T>C p- Leu909Pro N/A 17 n/d
Y rays
10 P1 0.05  ¢.2,600_2,604dup p. Val867Gly fsTer887 N/A 16 n/d
11 P1 0.05  ¢.2,730delC p. Thr910Thr fsTer918 N/A 17 n/d
12 P1 0.05  c.554delT p. Leul85Trp fsTer206 N/A 4 C3H¢
134 P1 0.1 c.1,173_1,306del p. Val392_Met435 del N/A 9 C3H¢
14 P1 0.2 c.2,731_2,734dup p. Ala911 Ter N/A 17 n/d
15 P1 0.5 c.3,240_3,251dup p. Vall,080Thr1,083dup N/A 19 n/d
16 P4 0.1 c.2,731_2,741del p. Ala911GlIn fsTer934 N/A 17 n/d
17 P4 0.1 c.2,679_2,681delinsAC  p. Leu893Leu fsTer909 N/A 17 n/d
18 P4 0.1 c.1,384_1,391dup p. Ala464Ala fsTerd79 N/A 10 n/d
19 P4 0.5 c.1,363del p. Val455Trp fsTerd77 N/A 10 n/d
20 P4 0.5 c.2,718_2,729dup p. Thr910Thr fsTer929 N/A 17 n/d
21 P10 0.5 ¢.3,407_3,763del p- Argl,136Arg fsTerl,148 N/A 21,22 C3H¢
22 P10 0.5 c.2,704delC p- Pro902Arg fsTer910 N/A 17 n/d
23 P10 0.5 .2,792delG p. Arg931Arg fsTer946 N/A 17 n/d
24 P10 0.5 c.2,710_2,716dup p. Tyr906Cys fsTer941 N/A 17 n/d
25 P10 0.5 ¢.1,305_1,306ins p. Met435_Leu436insPheCysLeuGln 10 C3H¢
TTCTGCTTGCAG
26 P10 0.5 ¢.2,708_2,720del p. Phe903Trp fsTerl,043 MMEJ (CGCTT) 17 n/d

Note. Reference sequences are NM_008957 (cDNA) and NP_032983.1 (protein). fs = frameshift; MMEJ = microhomology-mediated end
joining; N/A = not applicable; n/d = not determined; P = postnatal.

“ This cDNA lacked the sequence corresponding to exon 17; sequencing of genomic DNA from exons 16 to 18 identified a deletion of 1,183 bp
that includes exon 17. The parental origin of the deleted allele was identified using five single-nucleotide polymorphisms (SNPs) in the introns.

»This cDNA lacked the sequence corresponding to exon 3. Genomic DNA was not analyzed because the length of the genomic DNA from
exon 2 to 4 was too long (18,579 bp).

¢ The parental origin of mutation in exons 3, 4, 9 and 10 was identified using the sequence of exons 5 and 6, the latter of which is the site of
insertion of the neo cassette.

“This ¢cDNA lacked the sequence corresponding to exon 9; sequencing of genomic DNA around exon 9 indicated an intronic g-to-c
transversion at the splice acceptor.

¢ This cDNA lacked the sequence corresponding to exons 21 and 22; sequencing of genomic DNA from exons 20 to 23 identified a deletion of
1,908 bp including exons 21 and 22. The parental origin of the deleted allele was identified using three SNPs in the exon.

/ Sequencing of genomic DNA around exon 10 identified an intronic c-to-a transition at 12 bp upstream of exon 10, creating a new splice
acceptor. As a result, the incorporation of 12 intronic base pairs into the cDNA affected the sterol-sensing domain of PTCHI.

E14 and E17 groups (both P < 0.05) and at or above 0.2 Gy
in the P1 group (P < 0.05). Development of R-type MBs
was strikingly suppressed in neutron- and y-ray irradiated
P10 groups. These results indicate that the age of
susceptibility to radiation-induced MBs is confined to a
period immediately after birth and is independent of the
radiation quality used in these experiments. More impor-
tantly, the use of molecular subtypes enables distinction of
radiation-induced tumors from spontaneous ones and thus
allows quantification of the small effects of y rays.
Finally, we analyzed the hazard ratio of R-type MBs for
all experimental groups. The hazard ratio of all irradiated
groups sharply increased in a dose-dependent manner
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except for the P10 groups (Fig. 4B), indicating that the R-
type tumor is a useful indicator of radiation carcinogenesis.
We therefore calculated the RBE of neutrons, relative to y
rays, based on the slopes of the dose response of R-type
tumors (Fig. 4C); the P10 groups were not included, as R-
type MBs did not increase in these groups. The RBE was
calculated to be 12.9 (8.6, 17.2), 9.6 (6.9, 12.3), 21.5 (17.2,
25.8) and 7.1 (4.7, 9.5) (mean and 95% confidence interval)
in the E14, E17, P1 and P4 groups, respectively (Fig. 4C).
The confidence interval at P1 did not overlap those at other
ages. Thus, the RBE of neutrons at P1 was highest and
related to the susceptibility to radiation-induced tumorigen-
esis of the tissue.
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FIG. 4. Incidence of R-type medulloblastomas and the relative biological effectiveness (RBE) of neutron
calculated thereby. Panel A: Kaplan-Meier plots for the incidence of S- and R-type MBs in mice irradiated at P1.
The data for 0.1 and 0.5 Gy of vy rays and for nonirradiated mice are reproduced from our previously published
study (29). *P < 0.01 vs. nonirradiated group by log-rank test. Panel B. Dose response of the hazard ratio for R-
type MBs in neutron- and y-ray irradiated groups (black and gray, respectively). Hazard ratios for 0.1 and 0.5 Gy
of v rays were calculated using previously published data (29). The dose-response curves are fitted by linear
equations. *P < 0.05, **P < 0.01 and ***P < 0.001 by Cox regression. Error bars indicate 95% confidence
intervals; vertical arrows with a number in parentheses indicate the upper limit. Panel C: Slope of the linear
equations in panel B and the RBE of neutrons. CI = 95% confidence interval.

DISCUSSION

The age at exposure is an important modifier of various
radiation effects including carcinogenesis (/0). Radiation
exposure is more harmful to and more carcinogenic in
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infants than adults. The data presented herein show an age
dependence for MB induction by fast neutrons in Ptchl ™"
mice from E14 to P10, providing evidence consistent with
two previously published studies reporting variation in the
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RBE of fast neutrons based on the age at exposure (/9, 20).
An advantage of the current study over previous ones is its
use of radiation-specific genetic aberrations in the tumor,
i.e., interstitial deletions affecting the wild-type Ptchl allele
as revealed by LOH and genomic copy number analyses.
We found that 6.9% of MBs did not have LOH of
chromosome 13 (designated as N-type) across the experi-
mental groups, and most of these tumors had frameshift
mutations in the functional domains of the wild-type Ptchl
allele, resulting in de novo termination codons and amino
acid changes. These mutations are similar to those observed
by Frappart et al. (36) in mice with neural-tissue-specific
inactivation of DNA double-strand break repair proteins
combined with Trp53 deficiency. MBs in those mice had
lost one copy of Ptchl through chromosomal loss or
translocation, and the remaining Ptchl allele contained
mutations resembling those in the N-type tumors herein. We
have also reported that Tsc2“*"* rats, which have a mutation
in a renal tumor suppressor gene, develop radiation-induced
and spontaneous renal tumors exhibiting de novo termina-
tion codons in the wild-type Tsc2 allele due to small
deletions (37). Thus, these types of mutations, including
those observed herein in the N-type tumors of Prchl*'~
mice, are not necessarily related to radiation exposure.

The susceptibility to radiation-induced carcinogenesis in
Ptchl*~ mice was highest during the perinatal period (E14
to P1) regardless of the radiation type (i.e., both vy rays and
neutrons) (Fig. 3 and 4, Supplementary Figs. S5; https://doi.
org/10.1667/RADE-21-00025.1.S1), consistent with previ-
ously published studies in which the narrow age range of
susceptibility was not affected by differences in radiation
quality (26, 28). To evaluate the influence of age at
exposure on carcinogenesis induced by radiation of
different quality, it is crucial to extend the research to
different animal models in which the age has a critical
impact on carcinogenesis of organs relevant to radiological
protection (e.g., bone marrow, liver, digestive tract and
mammary gland). In particular, it would be ideal to use
animal models that can distinguish radiation-induced tumors
from spontaneous ones like those in Ptchl "~ mice.

The RBE of neutrons herein ranged from approximately 7
to 21 depending on the age at exposure, which overlaps the
previously reported ranges of 5-8 for all malignant tumors
and hepatocellular carcinoma in B6 mice (/9) and 7-26 for
mammary carcinoma in Sprague-Dawley rats (20); high-
RBE values have generally been noted to be consistent with
the age of high susceptibility to radiation carcinogenesis. A
limitation of the current study is the relatively small number
of dose points. The dose response of radiation induction of
tumor is either non-linear (e.g., downward concave or
convex) or linear in previously published studies (/9, 20,
38), and RBE is greatly influenced by the shape of dose
response. The current study is designed to have only two to
five dose points, precluding the assessment of the shape of
dose response. Nevertheless, the uncertainty resulting from
this issue is evaluated as the confidence interval of the RBE
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value in the current study. An implication of the study is
that the RBE value is age dependent and within the range of
those reported previously. The current methodology is
considered to offer more accuracy than previous studies in
that it counts tumors most likely caused by radiation; thus,
the result of the current study supports the conservativeness
of the radiation weighting factor of neutrons, which is a
function of energy having a maximum of 20, as recom-
mended by the International Commission on Radiological
Protection (39).

Although rare, we observed some (1.6%) neutron-induced
MBs that had multiple deletions on chromosome 13, in
which telomeric regions were affected by interstitial or
terminal deletions in addition to the interstitial regions
harboring the Ptchl gene (Fig. 2B). Cases with such
coexisting deletions have not been reported in X- or y-ray-
induced tumors of Ptchl*~ mice. Interestingly, Brown et al.
have also identified such types of complex deletions on
chromosome 2 in a very small number of fast neutron-
induced cases of acute myeloid leukemia in mice (40).
These deletions are most likely a consequence of the
biophysical nature of the interaction of neutrons with DNA.
Fast neutrons produce high-LET recoil protons and o
particles in the absorbing tissue, contributing to dense
ionization and excitation of DNA molecules, thereby
generating clusters of DNA damage, which are difficult to
repair (4/-43). These clusters of damage are likely to lead
to a spectrum of mutations such as large deletions,
translocations and other chromosomal aberrations (43),
suggesting that the multiple deletions detected in neutron-
induced MBs herein reflect the biophysical characteristics
of fast neutrons. Three of five tumors with such multiple
deletions developed postirradiation at P10 (Supplementary
Fig. S3; https://doi.org/10.1667/RADE-21-00025.1.51), a
period of very low susceptibility as cerebellar granule cells
have undergone substantial differentiation by this time (26).
The mechanism of development of MBs via multiple
deletions during this period of insusceptibility remains an
issue for future work.

In conclusion, the age dependence of radiation induction
of MBs in Ptchl™ mice was not affected by radiation
quality. The RBE of neutrons was evaluated based on the
incidence of tumors harboring genetic aberrations that are
most probably the direct consequence of radiation. Multiple
deletions observed in some neutron-induced tumors are
most likely related to a biophysical characteristic inherent to
neutron radiation.

SUPPLEMENTARY INFORMATION

Table S1. Experimental groups and results of MBs
development.

Table S2. Ptchl primers and PCR conditions.

Table S3. Primers for sequencing.

Fig. S1. Structure of mouse Ptchl and location of primers
used for mutation analyses. Panel A: Genomic DNA (upper)
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and cDNA (lower) of wild-type Ptchl. Topological domains
(thick lines), which include glycosylation sites (triangles)
and the sterol-sensing domain (dashed double-headed
arrows), are indicated above the cDNA. The cDNA was
divided into four segments (dashed lines with numbers) in
the sequence analysis. Arrows flanking each segment
indicate the primers listed in Supplementary Table S2.
Panel B: Relevant exons of knockout (B6) and wild-type
(C3H) alleles of Ptchl. Exons 6 and 7 in the genome are
replaced by a neomycin resistance cassette. Dashed line
reproduces segment 1 in panel A. Primers “B6_F” and
“B6_R” were designed to sequence the B6 allele, whereas
primers “C3H_F” and ““C3H_R” are for the C3H allele.
Primers “B6_R” and “C3H_R’ were designed to analyze
exons 3 and 4 of cases no. 4 and 12 (see Table 1), and
primers “B6_F” and “C3H_F”’ were designed to analyze
exons 9 and 10 of cases no. 8, 13 and 25 (see Table 1).
Panel C: Primers for genomic sequencing to identify the
cause of exon 17 deletion in cDNA from case no. 1. A
4,163-bp region between exons 16 and 18 (dashed line) was
first amplified and then sequenced using primers referred to
by the bracketed numbers. Alleles were identified using the
two single-nucleotide polymorphisms (SNPs, triangles).
Panel D: Primers for genomic sequencing to identify the
cause of deletion of exons 21 and 22 in cDNA from case no.
21. A 6,167-bp region from exons 20 to exon 23 (dashed
line) was first amplified and then sequenced using primers
referred to by the bracketed numbers. Alleles were
identified using the three SNPs (triangles).

Fig. S2. MB-free Kaplan-Meier plots after y rays and
neutron irradiation. *P < 0.01, **P < 0.05 vs. nonirradi-
ated group by log-rank test.

Fig. S3. Loss of heterozygosity (LOH) of chromosome 13
in medulloblastomas from nonirradiated and neutron- and -
ray irradiated groups. Panel A: Nonirradiated and neutron
irradiated groups. Panel B: y-ray irradiated group. Chro-
mosomal regions and positions of polymorphic markers are
shown on the upper left side in the schematic in panel A.
Open circles indicate loss of the C3H allele, and filled
circles indicate retention of both the B6 and C3H alleles.
Results obtained for consecutive markers for individual
MBs are aligned vertically; ‘X’ indicates unavailable
results. S-type or S =LOH in all consecutive markers distal
to Ptchl; R-type or R=LOH confined to interstitial markers
(big circles) or a polymorphism at position 4,016 in exon 23
of Ptchl (small circles); N-type or N =no evidence of LOH;
“No” indicates tumors that were unavailable for LOH
analysis. The numbers at the top of each column indicate the
number of MBs with each LOH pattern. *These MBs
showed multiple stretches of LOH.

Fig. S4. Mutations detected in Ptchl of medulloblasto-
mas. Panels A-C: Characterization of mutations in MBs
from nonirradiated (panel A), neutron irradiated (panel B),
and vy-ray irradiated (panel C) mice. Sequences of the wild-
type allele (upper) and identified mutations (lower) are
indicated along with schematics for the relevant region of
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the cDNA (right-side bottom), in which solid boxes indicate
exons, dashed boxes indicate deleted exons, and arrowheads
indicate mutation sites. Numbers in the upper left side of
each panel indicate the case number (see Table 1). Upper-
and lowercase letters represent exonic and intronic sequenc-
es, respectively. Letters in blue = insertions; in green =
duplications; in orange = base substitutions; in red =
microhomology presumably used in end joining, which
generated the deletion.

Fig. S5. Kaplan-Meier plots for the incidence of S- and R-
type medulloblastomas. Separate graphs are shown for y-ray
irradiated and neutron irradiated groups. Plotted are the ages
at death or moribundity of mice with MBs that were
retrospectively determined to be S- or R-type; N-type
tumors were treated as S-type. Data for mice irradiated with
v rays at E14 (0.1 and 0.5 Gy) and E17 (0.1 and 0.5 Gy) and
P1 (0.1 and 0.5 Gy) and P4 (0.1 and 0.5 Gy) and for the
nonirradiated group were reproduced from a previously
reported study (29). Plots for the P1 group are the same as in
Fig. 3. *P < 0.01, **P < 0.05 vs. nonirradiated group by
log-rank test.
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