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a  b  s  t  r  a  c  t

High-energy  heavy  charged  particles  (HZE  ions)  found  in the  deep  space  environment  can  significantly
affect  human  health  by  inducing  mutations  and  related  cancers.  To  better  understand  the  relation
between  HZE  ion  exposure  and  somatic  mutation,  we  examined  cell survival  fraction,  Aprt  mutant  fre-
quencies,  and  the  types  of mutations  detected  for mouse  splenic  T cells  exposed  in  vivo  to graded  doses
of  densely  ionizing 48Ti  ions  (1 GeV/amu,  LET  =  107  keV/�m), 56Fe  ions  (1 GeV/amu,  LET  =  151  keV/�m)
ions,  or  sparsely  ionizing  protons  (1 GeV,  LET  =  0.24  keV/�m).  The  lowest  doses  for 48Ti  and 56Fe  ions were
equivalent  to  a fluence  of  approximately  1 or  2 particle  traversals  per  nucleus.  In most  cases,  Aprt  mutant
frequencies  in  the  irradiated  mice  were  not  significantly  increased  relative  to the  controls  for  any  of  the
particles  or  doses  tested  at the  pre-determined  harvest  time  (3–5  months  after  irradiation).  Despite  the
lack  of increased  Aprt  mutant  frequencies  in  the  irradiated  splenocytes,  a  molecular  analysis  centered  on

chromosome  8 revealed  the  induction  of radiation  signature  mutations  (large interstitial  deletions  and
complex  mutational  patterns),  with  the  highest  levels  of  induction  at 2 particles  nucleus  for  the 48Ti and
56Fe  ions.  In  total,  the  results  show  that  densely  ionizing  HZE  ions  can  induce  characteristic  mutations
in  splenic  T cells  at low fluence,  and  that at least  a subset  of  radiation-induced  mutant  cells  are  stably
retained  despite  the  apparent  lack  of increased  mutant  frequencies  at the  time  of  harvest.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The health risks to astronauts from space radiation can arise
t early times after exposure, such as radiation sickness and alter-
tions in cognitive function, and as delayed effects including cancer,
ardiovascular disease, neurodegenerative disease, and cataracts
1]. Accurate assessments of both early and delayed space radia-
ion effects are required to make informed decisions about the best
pproach for long-term missions on the Moon or travel to and from
ars [2–5]. The most common charged particles in the space envi-

onment are protons present in the trapped radiation belts, in solar

article events (SPE), and among the galactic cosmic rays (GCR)
2]. Charged particles with high linear energy transfer (LET) that
re also present in the GCR are of greater concern for the induc-

∗ Corresponding author at: Oregon Institute of Occupational Health Sciences, Ore-
on  Health & Science University, 3181 SW Sam Jackson Park Road, Portland, OR
7239, United States.

E-mail address: turkerm@ohsu.edu (M.S. Turker).

ttp://dx.doi.org/10.1016/j.mrfmmm.2016.03.004
027-5107/© 2016 Elsevier B.V. All rights reserved.
tion of mutations in somatic cells, due to their ability to deposit
more energy locally. For example, we recently showed mutation
induction by 48Ti ions in mouse kidney epithelium at a fluence of
one or two  particles per cell nucleus [6]. Mutation induction is of
significant concern because of the well-described relation between
mutation and cancer [7].

Mouse in vivo mutation detection systems are used to study ion-
izing radiation mutagenesis because of the clear relation between
mutation formation and cancer development [8]. In vivo systems
allow radiation-induced mutations to form in the normal tissue
environment, in which most cells are quiescent when irradiated. In
the case of whole body exposure, the possible influences of systemic
factors on mutation formation and on the persistence of mutant
phenotypes in vivo are also included. In vivo mutation test sys-
tems include integrated bacterial transgenes [9–11], the X-linked
selectable Hprt locus [12], and the autosomal Aprt [6,13], Tk [14],

and Dlb-1 [15,16] loci. Any cell type can be examined with inte-
grated transgenes because mutation detection can be performed on
DNA isolated directly from the exposed tissues; however these sys-
tems detect a limited spectrum of mutations (point mutations and

dx.doi.org/10.1016/j.mrfmmm.2016.03.004
http://www.sciencedirect.com/science/journal/00275107
http://www.elsevier.com/locate/molmut
http://www.elsevier.com/locate/mutres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mrfmmm.2016.03.004&domain=pdf
mailto:turkerm@ohsu.edu
dx.doi.org/10.1016/j.mrfmmm.2016.03.004
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Fig. 1. Loss of heterozygosity (LOH) patterns reveal different mutational events.
(A)  The relative locations of polymorphic loci on mouse chromosome 8 that differ
between the C57BL/6 and DBA2 mouse strains that were used to deduce the specific
mutation present in each Aprt mutant examined in this study. The B6 (C57BL/6)
derived chromosome contains a knockout (KO) Aprt allele that is non-functional.
The  D2 (DBA/2) derived chromosome contains an expressed, wild type Aprt allele,
which is the target of mutation selection (i.e. loss of expression of this Aprt allele
due to a mutational event allows a cell to grow in the presence of DAP in the culture
medium). The numbers on the left side identify the chromosome 8 microsatellite
loci that were examined in this study. These numbers omit the D8Mit prefix. (B)
The PCR-based molecular analysis for loss (closed circles) or retention (open circles)
of  heterozygosity for polymorphic microsatellite sequences on mouse chromosome
8  in the Aprt mutant cells yields LOH patterns that can be used to classify each
mutational event into one of 6 different categories. These are intragenic events (IE),
apparent mitotic recombination (MR), interstitial deletion of Aprt polymorphic locus
only (DEL 1), multilocus deletion (DEL > 1), chromosome loss (CL), and discontinuous
LOH (DLOH). See text for more details.

Table 1
Exposure “runs” at Brookhaven National Laboratory by particle, dose and number
of  mice testeda.

Runb Shamc protonsd 56Fe ionsd 48Ti ionsd

Dose, Gy Mice Dose, Gy Mice Dose, Gy Mice Dose, Gy Mice

1 0 8 5.0 10
2 0 14 4.0 18 2.0 18 1.4 17
3  0 16 0.5 27 0.4 26
4  0 15 1.0 16 0.25 15
5 0 13 0.5 20 0.2 20

1.4 23
6  0 20 4.0 20 0.25 18

2.0 18

a The number of mice tested for each condition is provided after the dose for that
particle. For example, 10 mice were tested for the dose of 5.0 Gy protons.

b Each run represents a sham (control) set of mice and one or more charged par-
ticle  exposures at Brookhaven National Laboratory (BNL). See Section 2 for more
details.

c Sham mice were treated identically to exposed mice, including shipment to BNL
D. Grygoryev et al. / Mutat

mall deletions). Selectable marker-based assays require cells that
an divide outside the body to allow for selection and expansion
f mutant cells prior to analysis, but these systems provide a more
omplete picture of the spectrum of radiation-induced mutations,
articularly when autosomal loci are the targets [17]. Cell types
sed for these assays include splenic T cells, kidney epithelium,
nd ear fibroblasts [13,18].

Most in vivo radiation mutagenesis studies with selectable
arkers have examined the effects of X-rays and gamma-rays. For

xample, we showed that a relatively high dose of gamma  rays
7.5 Gy) induced radiation signature mutations (large interstitial
eletions and discontinuous loss of heterozygosity [LOH] patterns)

nclusive of the selectable Aprt locus in the mouse kidney and ear
18]. Liang et al. showed that dose fractionation increased Aprt

utagenesis in mouse splenic T cells exposed to 4 Gy of X rays
13]. With regard to charged particle mutagenesis, we showed
hat the mouse kidney is a sensitive cell type for the detection of
nduced mutants with radiation signature mutations, including at
ow fluence for high LET ions [6,19,20]. The kidney epithelium is a
iologically relevant cell target because epithelial cells give rise to
adiogenic solid tumors [21].

Splenic T cells represent another biologically relevant cell type
ecause ionizing radiation exposure also causes hematological
ancers [21,22]. Several studies examining charged particle muta-
enesis in the spleen have been reported, all of which used mice
ith integrated transgenes to screen for mutations [9,11,23,24].

o date, however, no charged particle mutagenesis experiments
ave performed with splenic T cells using an autosomal target to
etermine if radiation signature mutation can be detected. Here
e report the mutagenic effects of high LET 48Ti and 56Fe ions in
ouse splenic T cells at low dose and fluence, and for graded doses

f protons.

. Materials and methods

.1. Mouse strain and irradiations

The experimental mice were Aprt heterozygous (Aprt+/−)
6D2F1 hybrids from C57BL/6 X DBA/2 crosses. The C57BL/6
arent carried the Aprt knockout allele and the DBA/2 parent
arried the wild type Aprt allele (Fig. 1A). Males and females
n approximately equal numbers at six to seven months of age

ere transported from OHSU in Portland and were exposed to
8Ti ions (1 GeV/amu, LET = 107 keV/�m,  0.2–1.4 Gy), 56Fe ions
1 GeV/amu, LET = 151 keV/�m,  0.25–2.0 Gy), or protons (1 GeV,
ET = 0.24 keV/�m,  0.5–5.0 Gy) at the NASA Space Radiation Lab-
ratory (NSRL) at Brookhaven National Laboratory (BNL). The dose
ates were 0.5–1 Gy/min depending upon total dose delivered.
ham-irradiated control mice traveled with each cohort of animals
ent to BNL. These mice were also transported to the accelerator
nd handled in the same way as the irradiated mice. All experi-
ental mice were returned to OHSU within two weeks after the

rradiation, where the remainder of the work was performed.
The age range of the mice in these studies was chosen to approx-

mate a biological age similar to that of a mid-career astronaut.
hole body exposures were conducted without anesthesia in small

lexiglas boxes with ventilation holes. Mice were positioned with
heir sides perpendicular to the beam path to minimize changes in
nergy deposited through the animal. In all runs, unexposed mice
ere used as sham controls. The numbers of mice used per dose
nd experiment are shown in Table 1. All animal work was con-
ucted under protocols approved by OHSU and BNL. The estimated
harged particle fluence for a given ion species and dose was cal-
ulated according to standard methods using the formula: fluence
and back to OHSU, with the exception of not being exposed to a charged particle.
See Section 2 for more details.

d Mice were exposed to listed doses of protons, 56Fe ions, and 48Ti ions.

(per �m2) = 6.24 D/L, where D is the dose in Gy, and L is the LET in
keV/�m [25,26].

2.2. Cell culture and selection of Aprt mutants

Primary splenic T cells were isolated and stimulated as described
[27], with modification [28]. The T cell preparations were set up
from 3 to 5 months after irradiation because we were also iso-

lating kidney epithelial Aprt mutants from the same mice [6] and
prior worked showed that 3 months was  required for maximal Aprt
mutant frequency detection in this tissue [18]. RPMI 1640 medium
(Fisher Scientific, New York, NY) was supplemented with 10 units
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Table  2
Cloning efficiencies (CE) for splenic T cells.

(A) Cloning efficiencies from non-irradiated mice

Runa CEb 95% CIc

1 0.105 0.066–0.168
2  0.067 0.050–0.090
3  0.033 0.026–0.044
4  0.052 0.039–0.071
5  0.052 0.039–0.070
6  0.080 0.068–0.080
Average 0.061 0.054–0.069

(B)  Relative cloning efficiencies from irradiated mice

Particle Rund Dose, Gy Relative CEe 95% CIc P valuef

Protons
5 0.5 0.94 0.66–1.33 0.732
4  1 0.74 0.50–1.09 0.126
2,  6 4 0.60 0.46–0.79 <0.001
1  5 0.45 0.23–0.89 0.023

Fe  ions
4, 6 0.25 0.74 0.54–0.94 0.012
3  0.5 1.14 0.82–1.59 0.436
2,  6 2 0.74 0.57–0.96 0.021

Ti  ions
5 0.2 0.86 0.60–1.25 0.430
3  0.4 0.93 0.67–1.28 0.641
2,  5 1.4 0.76 0.59–0.99 0.042

a Each run represents a sham (control) set of mice and one or more charged particle exposures at Brookhaven National Laboratory (BNL).
b To determine cloning efficiencies, the number of clones observed under non-selective conditions was divided by the total number of cells plated. See Section 2 for more

details.
c 95% confidence interval for relative cloning efficiency (CE).
d Mice were exposed to listed doses protons, 56Fe ions, and 48Ti ions. “Run” refers to specific experiment, as shown in Table 1.
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e For the determination of relative cloning efficiencies (CE) after charged particle e
easurement obtained from non-irradiated mice used in the same run.
f P values <0.05 were considered statistically significant. The significant values a

f mouse recombinant IL-2/ml medium, 10% rat T-STIM supple-
ent with Con A (10 �g/ml) (Becton Dickinson Labware, Bedford,
A)  and 10% fetal bovine serum. Extra Con A was added at 4 �g/ml
edium for overnight mitogenic stimulation. After overnight stim-

lation, cells were counted, diluted to 4 × 105 cells/ml and seeded
or Aprt mutant selection into three or four 96-well U-bottom

icrotiter dishes (100 �l per well) supplemented with 50 �g/ml
f 2,6-diaminopurine (DAP) (Sigma, St Louis, MO).

Cloning efficiencies (CE) were determined as described [27]. A
ample of each primary culture was diluted with complete medium
o 50 cells/ml and plated in aliquots of 100 �l per well in one
6-well microtiter dish in the presence of 4 × 104 lethally irradi-
ted (100 Gy) mouse T cells per well. Plates were scored for colony
rowth on day 10. The number of colony-forming units per well on
he CE and DAP plates was calculated as described [29].

Aprt mutant colonies from sham-irradiated and charged
article-exposed mice were expanded as described by others [27],
ith some modification. The mutant clones were transferred into

4-well microtiter plates with each well containing one ml  of RPMI
edium with Con A (4 �g/ml), DAP and FBS. The clones were refed
ith 1 ml  mitogen-free medium including DAP after 3 days. After

n additional 7 days of growth, DNA was isolated from clones as
escribed in the next section.

.3. Molecular analysis

Genomic DNA from expanded Aprt mutant clones was iso-
ated as described in Ref. [27]. To release DNA, cells were pipetted

nto Eppendorf tubes and washed with PBS; cell pellets were re-
uspended in 20 �l of digestion mix  comprised of Tween 20 0.5%
vol/vol) and 0.1 mg  of proteinase K per ml  in lx PCR buffer, incu-
ated at 55 ◦C for 6 h, and then incubated at 95 ◦C for 10 min.
res, the cloning efficiency for a given exposure was divided by the cloning efficiency

lighted in bold.

In general, no more than 4 mutants were examined from a
given spleen. To determine the mechanisms underlying Aprt muta-
tion, each DNA preparation was  examined by PCR amplification for
retention or loss of heterozygosity of 13 polymorphic microsatellite
loci on chromosome 8 (Invitrogen, Carlsbad, CA) (Fig. 1), including a
microsatellite sequence located immediately upstream of Aprt [30].
The LOH analyses were conducted at the Plant-Microbe Genomics
Facility at Ohio State University, which uses an ABI Prism 3700 DNA
analyser to separate fluorescently labelled PCR products.

2.4. Statistical analysis

Cloning efficiencies (CE) and mutant frequencies (MF) were cal-
culated according to standard methods [31]. Each response was
log-transformed and then analyzed using a general linear model.
Robust standard errors were used for estimation and testing to
allow for some heteroscedasticity. The mean response computed on
the log scale estimates the median response on the original scale,
and differences comparing a given radiation dose to control (on
the log scale) represent multiplicative (i.e., relative) changes for the
median response on the original scale [32]. Models were separately
fitted for each particle (protons, 48Ti ions, 56Fe ions).

Binomial logistic regression was used to explore the association
between the proportion of each type of mutation and radiation
dose. Tests were performed to determine whether there was an
overall effect (odds differ among the three doses of radiation,
treated as three distinct categories) and also whether the odds of a

specific mutation followed a linear trend over radiation dose. Odds
ratios (OR; comparing odds of a mutation for each dose relative
to control) were computed together with 95% confidence intervals
for each dose. In some instances the OR was not defined (due to
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Table  3
Aprt Mutant frequencies for splenic T cells.

(A) Mutant frequencies for non-irradiated spleens

Runa Mutant Frequencyb 95% CIc

1 2.64 1.49–4.67
2  2.49 1.44–4.28
3  3.78 2.68–5.35
4  1.32 0.87–1.99
5  3.59 2.17–5.94
6  2.99 2.15–4.18
Average 2.66 2.21–3.20

(B)  Mutant frequencies for irradiated spleens

Particle Rund Dose, Gy Mutant Freq.e 95% CIc P valuef

Protons
5 0.5 0.85 0.43–1.56 0.596
4  1 1.80 0.92–3.54 0.087
2,  6 4 1.02 0.66–1.59 0.924
1  5 4.57 2.16–9.64 <0.001

Fe  ions
4, 6 0.25 1.13 0.76–1.67 0.544
3  0.5 0.73 0.44–1.12 0.204
2,  6 2 1.20 0.80–1.80 0.376

Ti  ions
5 0.2 0.91 0.51–1.62 0.747
3  0.4 0.90 0.54–1.50 0.694
2,  5 1.4 0.86 0.54–1.36 0.517

a Each run represents a sham (control) set of mice and one or more charged particle exposures at Brookhaven National Laboratory (BNL).
b Mutant frequencies are ×10−6.
c 95% confidence interval ×10−6.
d Mice were exposed to listed doses of protons, 56Fe ions, and 48Ti ions. “Run” refers to specific experiment as shown in Table 1.
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f P values <0.05 were considered statistically significant. The one significant valu

ero observed mutations); in these cases Parzen’s median unbiased
stimate of the odds ratio (and 95% CI) was computed [33].

. Results

.1. Study sets

The charged particle exposures were conducted in 6 separate
xperimental “runs” at the Brookhaven National Laboratory (BNL)
Upton, New York). The specific exposures tested for each run and
umbers of mice that were used for these exposures are shown in
able 1.

.2. Toxicity from exposures

We  used relative cloning efficiencies for the splenic T cells as a
easure of toxicity from the exposures. These measures are for per-

istent toxic effects because the cloning efficiency assays were set
p 3–5 months after the mice were exposed, at the same time the
utant frequency assays were set up (see below). We  measured

loning efficiencies for splenic T cells from non-irradiated mice
rom 6 independent experiments and found an average cloning
fficiency of 6.1% (CI, 5.4–6.9%) (Table 2A). For the determination
f changes in cloning efficiencies after charged particle exposures,
e used the specific cloning efficiency measurement from non-

rradiated mice used in the same run.
Statistically significant decreases in cloning efficiencies were

bserved at the time of tissue harvest for all three particles at

he highest doses tested (Table 2B). The largest decreases were
or high dose proton exposures, with relative cloning efficiencies
or 4 and 5 Gy exposures of 60% (p < 0.001) and 45% (p = 0.023),
espectively. A decrease in the relative cloning efficiency to 74%
, the mutant frequency for a given exposure was divided by the mutant frequency

y protons) is highlighted in bold.

was observed for 1 Gy proton exposure; however this decrease was
not statistically significant (p = 0.126). The decreases in relatively
cloning efficiencies for 2 Gy Fe ions and 1.4 Gy Ti ions were 74%
and 76%, respectively, and these decreases were statistically signif-
icant (p = 0.041 and p = 0.021, respectively). The only other observed
decrease that reached statistical significance was for the lowest
dose of Fe ion tested (0.25 Gy), which was at a relative cloning
efficiency level of 74% (p = 0.012). We  note that this was  the only
low dose for which two  independent cloning efficiency assays were
performed, which doubled the number of mice used and increased
statistical power.

3.3. Aprt mutant frequency determinations

Aprt mutant frequency assays were set up at the same time
as the cloning efficiency determinations, 3–5 months following
irradiation. Six independent groups of sham-irradiated mice were
also used to determine the spontaneous mutant frequency for the
cohorts shipped to and from Brookhaven. The spontaneous mutant
frequencies ranged from 1.32 to 3.78 × 10−6, with an average of
2.66 × 10−6 (95% CI, 2.21–3.20) (Table 3A).

A >4 fold increase in Aprt mutant frequency was  observed
for spleens exposed to 5 Gy of protons. Otherwise, no significant
increase in Aprt mutant frequencies was observed for any condition
tested (Table 3B).

3.4. Spontaneous mutation spectra
The expressed Aprt allele in the B6D2F1 heterozygous strain
is derived from the DBA/2 parent. Thus, large mutational events
leading to loss of Aprt expression result in LOH events for markers
on the DBA/2-derived chromosome 8 homologue. We  used a LOH
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Table  4
Proton Mutation Spectraa.

Dose, Gyb IE MR CL D = 1 D > 1 DLOH Totalc RS

0 Number 56 52 16 9 3 5 141 8
%  39.7 36.9 11.3 6.4 2.1 3.5 100 5.7

0.5  Number 24 11 10 0 1 8 54 9
%  44.4 20.4 18.5 0 1.9 14.8 100 16.7
p  valued 0.548 0.020 0.192 0.014* 0.826 0.005 0.007

1.0  Number 2 3 4 3 1 2 15 3
%  13.3 20.0 26.7 20.0 6.7 13.3 100 20.0
p  valued 0.062 0.174 0.104 0.076 0.202 0.069 0.025

4.0  Number 9 27 5 5 3 0 49 3
%  18.4 55.1 10.2 10.2 6.1 0 100 6.1
p  valued 0.008 0.042 0.826 0.382 0.104 0.120* 0.598

p  overalle 0.006 0.002 0.221 0.026 0.250 0.001 0.011
p  trende 0.004 0.013 0.704 0.222 0.074 0.213 0.976

a Based on LOH pattern (see Fig. 1 and text), mutations were classified as 1) intragenic events (IE), 2) apparent mitotic recombination (MR), 3) chromosome loss (CL), 4)
deletion of the Aprt locus only (D = 1), 5) multilocus deletion (D > 1), and 6) discontinuous LOH (DLOH). Radiation signature mutations were obtained by adding D > 1 and
DLOH  columns. For each mutation by dose category, the number and percentage of mutant cells exhibiting a particular mutation is given, as is the p value relative to the
sham  control.

b Doses were 0.5, 1.0, and 4.0 Gy protons (1 GeV) and sham (0).
c The total number of mutant cells examined for each dose.
d P values <0.05 were considered statistically significant. Significant values are highlighted in bold. Entries marked with an asterisk have an estimated odds ratio computed
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nalysis for 13 polymorphic loci on mouse chromosome 8 in the
6D2F1 background, including one located 1 kb upstream of the
prt promoter, to identify the types of mutations leading to loss
f Aprt expression (Fig. 1B). These are 1) intragenic events (point
utations and epigenetic silencing), 2) apparent mitotic recombi-

ation, 3) chromosome loss, 4) deletion of the Aprt locus only, as
efined by LOH only for the Aprt microsatellite, 5) multilocus dele-
ion including Aprt and at least one linked microsatellite repeat
ocus, and 6) discontinuous LOH, as defined by at least one LOH
ract not apparently linked to the mutation causing loss of Aprt
xpression [34].

The spectrum of spontaneous mutation was determined from
41 mutant clones that were collected from experiments 2–6
Table 1). As shown in Table 4 (and repeated in Tables 5 and 6), the
redominant spontaneous mutation types were intragenic events
IE, 39.7%) and mitotic recombination (MR, 36.9%), with the two
ext most common being chromosome loss (CL, 11.3%) and dele-
ion of the Aprt microsatellite marker only (D = 1, 6.4%). The two
east common spontaneous mutational events were discontinuous
OH (3.5%) and multilocus interstitial deletion (2.1%).

.5. Mutation spectra as a function of radiation type and dose

The spontaneous mutation spectrum was used as the baseline
or comparisons with the mutation spectra for Aprt mutant T cells
solated from spleens exposed to protons (0.5, 1.0, and 4.0 Gy), 56Fe
ons (0.25, 0.5, and 2.0 Gy), and 48Ti ions (0.2, 0.4, and 1.4 Gy). For
his comparison we added an additional mutation category termed
adiation signature (RS), which was made by pooling the large
nterstitial deletion (D > 1) and discontinuous LOH categories. This
ecision was based on the relatively low spontaneous percentage
or each category and work with the kidney epithelium showing
hat these mutations are significantly induced by gamma radiation
nd charged particle exposures [6,18,19]. The number of mutants
ells analyzed was considered sufficient for 8 of the 9 conditions

from 37 to 91 mutant cells analyzed, Tables 4–6). Only 15 mutant
lones were collected for the 1.0 Gy proton exposure (Table 4),
hough this group was also included in the statistical analysis for
he sake of completeness.
 looks for a trend in the change in percentage for a given mutation as a function of

Tables 4–6 provide the mutation spectra data for T cell mutants
isolated from spleens of mice irradiated with protons, 56Fe ions,
and 48Ti ions, respectively. The types of mutations considered are
shown in Fig. 1B. In each case the relative number of mutations for
each category was compared against the same type of mutations
within the spontaneous spectrum and p values determined to iden-
tify significant changes as a result of exposure. Because three doses
were examined for each type of charged particle radiation, we also
determined whether exposure itself was correlated with a signifi-
cant change (p overall) and whether a trend as a function of dose
could be discerned (p trend).

The most consistent observation made when considering all
three charged particle exposures was  the induction of radiation sig-
nature mutations, with significant overall increases for all 3 charged
particles. P overall is 0.011 for protons, 0.008 for 56Fe ions, and
<0.001 for 48Ti ions. However, closer inspection of the different
doses tested revealed that these significant differences were essen-
tially driven by doses in the range of 0.4 Gy (48Ti ions, p < 0.001) to
0.5 Gy (protons, p = 0.007 and 56Fe ions, p = 0.002) (Fig. 2). Within
the radiation signature category at these doses, increases in dis-
continuous LOH events were significant for protons (p = 0.005) and
56Fe ions (p = 0.005), but only marginal for 48Ti ions (p = 0.062). The
predominant change for 48Ti ions at 0.4 Gy was  an increase in large
interstitial deletions from 2.1% for spontaneous mutants to 22.5%
for exposed spleens. Another finding that was noted for both heavy
ions was  the induction of chromosome loss events at the lowest
dose and fluence tested. The increase for 0.2 Gy 48Ti ions, relative
to spontaneous mutants was from 11.3% to 22.5% (p = 0.030). The
increase for 0.25 Gy 56Fe ions was from 11.3% to 31.0% (p = 0.001).

The relative percentage of Aprt mutant T cell clones exhibiting
mitotic recombination LOH patterns was decreased relative to the
spontaneous mutants (36.9%) for all three charged particle expo-
sures at the lower doses, particularly in the range in which the
radiation signature mutants were induced. These decreases were
significant for 0.4 Gy 48Ti ions (8.2%, p = 0.002 and 0.5 Gy) protons
(20.4%, p = 0.020), but not for 56Fe ions (29.3%, p = 0.231). A signif-

icant increase in apparent mitotic recombination events was only
observed for 4 Gy protons (55.1%, p = 0.042).
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Table  5
56Fe ion mutation spectraa.

Dose, Gyb IE MR CL D = 1 D > 1 DLOH Totalc RS

0 Number 56 52 16 9 3 5 141 8
%  39.7 36.9 11.3 6.4 2.1 3.5 100 5.7

0.25  Number 14 17 18 2 2 5 58 7
%  24.1 29.3 31.0 3.4 3.4 8.6 100 12.1
p  valued 0.039 0.231 0.001 0.418 0.369 0.089 0.052

0.5  Number 18 8 2 1 2 6 37 8
%  48.6 21.6 5.4 2.7 5.4 16.2 100 21.6
p  valued 0.328 0.062 0.297 0.402 0.175 0.005 0.002

2.0  Number 25 27 6 6 5 1 70 6
%  35.7 38.6 8.6 8.6 7.1 1.4 100 8.6
p  valued 0.843 0.969 0.536 0.562 0.049 0.535 0.211

p  overalle 0.080 0.186 <0.001 0.517 0.185 0.003 0.008
p  trende 0.837 0.727 0.194 0.390 0.042 0.368 0.530

a Based on LOH pattern (see Fig. 1 and text), mutations were classified as 1) intragenic events (IE), 2) apparent mitotic recombination (MR), 3) chromosome loss (CL), 4)
deletion  of the Aprt locus only (D = 1), 5) multilocus deletion (D > 1), and 6) discontinuous LOH (DLOH). Radiation signature mutations were obtained by adding D > 1 and
DLOH columns. For each mutation by dose category, the number and percentage of mutant cells exhibiting a particular mutation is given, as is the p value relative to the
sham  control.

b Doses were 0.25, 0.5 and 2.0 Gy 56Fe ions (1 GeV/amu) and sham (0).
c The total number of mutant cells examined for each dose.
d P values <0.05 were considered statistically significant. Significant values are highlighted in bold.
e P overall is the p value for all three doses combined relative to sham control. P trend looks for a trend in the change in percentage for a given mutation as a function of

dose.  Significant values are highlighted in bold.

Table 6
48Ti ion mutation spectraa.

Dose, Gyb IE MR CL D = 1 D > 1 DLOH Totalc RS

0 Number 56 52 16 9 3 5 141 8
%  39.7 36.9 11.3 6.4 2.1 3.5 100 5.7

0.2  Number 35 21 18 3 0 3 80 3
%  43.8 26.2 22.5 3.8 3.8 100 3.8
p  valued 0.558 0.071 0.030 0.412 0.179* 0.710 0.855

0.4  Number 26 4 0 4 11 4 49 15
%  53.1 8.2 8.2 22.5 8.2 100 30.6
p  valued 0.004 0.002 0.004* 0.412 <0.001 0.062 <0.001

1.4  Number 38 25 13 5 1 4 86 5
%  44.2 29.1 15.1 5.8 1.2 4.7 100 5.8
p  valued 0.757 0.091 0.510 0.782 0.834 0.528 0.665

p  overalle 0.025 0.005 0.006 0.561 <0.001 0.243 <0.001
p  trende 0.942 0.199 0.889 0.902 0.797 0.644 0.876

a Based on LOH pattern (see Fig. 1 and text), mutations were classified as 1) intragenic events (IE), 2) apparent mitotic recombination (MR), 3) chromosome loss (CL), 4)
deletion  of the Aprt locus only (D = 1), 5) multilocus deletion (D > 1), and 6) discontinuous LOH (DLOH). Radiation signature mutations were obtained by adding D > 1 and
DLOH columns. For each mutation by dose category, the number and percentage of mutant cells exhibiting a particular mutation is given, as is the p value relative to the
sham  control.

b Doses were 0.2, 0.4, and 1.4 Gy 48Ti ions (1 GeV/amu) and sham (0).
c The total number of mutant cells examined for each dose.
d P values <0.05 were considered statistically significant. Significant values are highlighted in bold. Entries marked with an asterisk have an estimated odds ratio computed

u
 trend

d

4

s
p
b
m
w
t
s
A
a
t
t

sing  Parzen’s median unbiased estimator.
e P overall is the p value for all three doses combined relative to sham control. P

ose.  Significant values are highlighted in bold.

. Discussion

We  report here the mutagenic effect of charged particle expo-
ure on the spectra of Aprt mutations in mouse splenic T cells. The
redominant spontaneous mutations were intragenic events (i.e.,
ase pair changes and/or epigenetic silencing) [18,35] and apparent
itotic recombination, each at levels near 40%. Chromosome loss,
hich represents approximately half of all spontaneous Aprt muta-

ions in the kidney epithelium [31], was found in only 11% of the
pontaneous splenic T cell mutants. The least common spontaneous
prt mutations in the splenic T cells were large interstitial deletions

nd discontinuous LOH patterns. Both are induced by charged par-
icle exposure and gamma radiation in the kidney epithelium, and
hus are considered “radiation signature” mutations [6,18,19,36].
 looks for a trend in the change in percentage for a given mutation as a function of

The spontaneous Aprt mutation spectrum we observed in
splenic T cells in the B6D2F1 hybrid is somewhat distinct from that
reported by Liang et al. in C57BL/6 X C3H/He hybrids, where mitotic
recombination was  found in more than half of all mutant cells [13].
That group showed earlier that the frequency of mitotic recom-
bination is dependent on the degree of sequence divergence [37],
which could explain the differences in our respective observations
with different hybrid strains. Nonetheless, spontaneous “radiation
signature” mutations were also rare in their study, as we report
here, and were induced by ionizing radiation (X-ray) exposure with
either a single or fractionated exposures totaling 4 Gy.  Spleens were

harvested in their experiments at 2 months after the last exposure
[13].

The major observation made in the current study is that high LET
charged particles are mutagenic in mouse T cells at low fluence, as
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ities. We  also note the likelihood that the various hypotheses listed
harged particles tested are protons (�), 56Fe ions (�), and 48Ti ions (�). Spontaneous
adiation signature percentage is included (�).

emonstrated by the changes in the mutation spectra when com-
ared with spontaneously-arising mutants. A significant increase

n chromosome loss was detected for both 48Ti ions and 56Fe ions
t the lowest doses tested, 0.2 and 0.25 Gy, respectively, relative
o the spontaneous spectrum. These doses represent an average
uence of approximately 1 traversal per nucleus for the T cells.

n this situation, 37% of the cells are not traversed by a heavy ion
rack, 37% of the cells are traversed by a single heavy ion track, and
he remainder of the cells are traversed by two or more heavy ion
racks. An increase in radiation signature mutations (large intersti-
ial deletions and discontinuous LOH patterns) was  also observed
t 0.25 Gy 56Fe ions, although this increase was just short of signifi-
ance (p = 0.052). Radiation signature mutations were induced at an
verage of two particle traversals per cell nucleus for both 48Ti ions
nd 56Fe ions, though interstitial deletions were the predominant
nduced radiation signature mutation for 0.4 Gy 48Ti ions, whereas
iscontinuous LOH events were more common for 0.5 Gy 56Fe ions.
adiation quality might play a role in the types of mutation that
re induced, though all radiation signature mutations are likely a
esult of two or more double strand breaks. We  grouped both muta-
ion patterns under the heading of radiation signature mutations
ecause in our work with kidney epithelial cells we  observed that
oth types were induced by high doses of protons and 56Fe ions
19,36], and by the same doses of 48Ti ions used in this study [6].

A general rule in radiation mutagenesis is that increased mutant
requencies correlate with exposure-induced mutations in a dose
ependent manner [18,20,38–44]. This general rule holds quite
ell for work with cultured cells because the time between expo-

ure and the process of setting up assays to select mutant cells
s usually a week or less. In contrast, investigators using in vivo

utation systems often wait significantly longer than a week after
adiation exposure to begin identifying and isolating mutant cells
13,18,44]. One reason for this longer wait time is that one or more
ell divisions are required for an induced mutation to be established
ithin a cell and, unlike cultured cells, most cells in situ are quies-

ent when exposed and can remain quiescent for indeterminate
imes after exposure. Specifically, for in vivo radiation mutagenesis
n the kidney, we found that 2–3 months are necessary for maximal
evels of Aprt mutant frequencies to be observed [18].

We have data for charged particle mutagenesis in the kid-

ey epithelium of B6D2F1 mice that agree with the noted rule
hat mutant frequencies increase as a function of radiation dose
6,18,20,39], though the slopes of observed increases in mutant
search 788 (2016) 32–40

frequencies were particle specific. We  observed a linear increase
for kidney Aprt mutant frequencies as a function of dose for 56Fe
ions [39] that remained stable from 3 to 9 months after irradia-
tion. We  also observed a curvilinear increase for proton exposures
that was  particularly evident at higher doses (4 and 5 Gy) [20], and
that also remained stable from 3 to 9 months after irradiation. For
48Ti ion exposures in the kidney, we observed an increase from 0.2
to 0.4 Gy, but not from 0.4 to 1.4 Gy (though we did not measure
doses between 0.4 and 1.4 Gy) [6]. Finally, we observed an increased
mutant frequency for 7.5 Gy of 137Cs gamma rays, the only dose
tested in those experiments, that also remained stable from 3 to
9 months [18]. In all cases, we  observed that radiation signature
mutations were induced and retained after high dose exposures in
the kidney [6,18,19,36].

In contrast to the kidney epithelium, we did not observe
increased mutant frequencies for splenic T cells, except at the
highest dose tested (5.0 Gy protons). Similarly, no increase in Aprt
mutant frequencies was  observed in B6C3F1 mice exposed to a sin-
gle dose of 1, 2, or 4 Gy of X-rays [13]. Nonetheless, the mutation
spectra work (Tables 4–6 and Fig. 2) clearly demonstrates that the
charged particle exposures induced radiation signature mutations
in the splenic T cells, particularly at relatively low doses and flu-
ence, and induced whole chromosome loss at the lowest doses and
fluences tested for 48Ti ions and 56Fe ions.

The question, therefore, is how to account for the induction of
mutations by charged particles in the absence of increased mutant
frequencies in our data. We speculate that the lack of an observed
increase in mutant frequency is not due to the lack of induction of
Aprt mutations, but instead reflects loss of mutant cells over time
due to apoptosis, selective removal, and/or reduced growth rates.
For example, in a study of proton-induced mutations in the mouse
spleen using the bacterial lacZ reporter transgene, mutant frequen-
cies were found to increase from 1 to 8 weeks, but then decreased
from 8 to 16 weeks [45]. In another study using gamma radiation to
induce Hprt mutant cells in the mouse spleen, the mutant frequen-
cies were found highest at 3–5 weeks after irradiation, and then
decreased at subsequent time points before rising again at 30–50
weeks after exposure [46]. Those studies suggest that radiation-
induced mutant frequencies can change as a function of time in the
mouse spleen, and the possibility exists that we missed a presumed
increased that occur prior to the 3–5 month window we  used to col-
lect Aprt mutants. A second possibility is that the mouse T cells are
more prone to apoptosis after exposure, which would be consistent
with work by others showing increased Aprt mutant frequencies in
X-irradiated mouse spleens when apoptosis rates were decreased
by a weekly fractionation regimen for a given dose [13]. A third
possibility is that charged particle-induced Aprt mutant cells have
more extensive damage on average than non-mutant cells, and
therefore would be at a growth disadvantage as the spleen repop-
ulates after exposure and/or undergoes normal turnover. Thus,
the apparent lack of an increase in Aprt mutant frequency in the
spleen could reflect a balance between an initial increase in mutant
frequency followed by an apparent decrease because less heavily
damaged non-mutant cells would have a proliferative advantage.
Still another possibility is that the most common charged particle-
induced mutation, apparent mitotic recombination [6,19,36], is
not significantly induced in the splenic T cells, though we  did
observe induction at high dose protons (see Table 4). Interestingly,
most charged particle-induced mutants with the apparent mitotic
recombination pattern in kidney epithelial cells are due to non-
reciprocal translocations [6,36].

Clearly, further work is required to test these different possibil-
here are not mutually exclusive.
Most importantly, the majority of the radiation signature muta-

tions we observed in this study, and likely a subset of other



ion Re

m
a
a
o
r
i
d
r
m
t
A
t
f
r
b
t
A
s
a
i
h
e
i
i
fl
d

5

c
e
t
(
c
t
f
a
c
d
o
R
A
d
m
s

C

A

M
e
s

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

D. Grygoryev et al. / Mutat

utations as well, were induced by charged particle exposure
nd T cells bearing these mutations persisted for many months
fter exposure. Thus, they represent induced mutant cells that are
f most interest when considering the malignant process. In this
egard we can compare our results with those for charged particle-
nduced hematological and other tumors for which dose response
ata are available at low doses. One comparison is with a study
eported by Weil et al. that examined the induction of both acute
yeloid leukemia (AML) and liver cancer in sensitive mice exposed

o 28Si and 56Fe ions at doses that ranged from 0.1 to 1.0 Gy. For
ML, they observed a peak of induction at 0.2 Gy for 56Fe ions

hat declined at higher doses, and a plateau for 28Si ions at doses
rom 0.2 to 1 Gy [22]. A direct comparison of our 56Fe ion-induced
adiation signature mutations with their AML  data show that in
oth cases increases were observed at the lowest doses tested
hat decreased at higher doses, a so-called bending of the curve.

 similar observation was observed for 48Ti ion-induced radiation
ignature mutations. A study of Harderian gland tumors induced by

 variety of charged particles (4He, 12C, 20Ne, 40Ar, 56Fe) found steep
nduction curves at low doses (∼0.05–0.40 Gy), that leveled off at
igher doses, with particle-specific dose-response curves [47]. Weil
t al. found similar results for liver cancers induced by 56Fe and 28Si
ons [22]. The relevant point of comparison with our mutation data
s that radiation-induced tumors were observed at low dose and
uence, which is consistent with our radiation signature mutation
ata.

. Conclusions

We  showed that whole body exposure to 48Ti and 56Fe ions
an induce radiation signature mutations in splenic T cells that are
vident at low dose and fluence. Similarly, we observed the induc-
ion of radiation signature mutations for a modest dose of protons
0.5 Gy). These consistent observations with three charged parti-
les increase confidence in our findings. Somewhat surprisingly,
he induced mutations occurred in the absence of increased mutant
requencies. We  hypothesize that this lack of increase reflects either

 slower growth rate for a subset of mutant T cells or a more rapid
learance rate of mutant T-cells that may  harbor more complex
amage. Future work examining mutant frequencies as a function
f time after exposure would be required to document this model.
egardless, the presence of radiation signature mutations in the
prt mutant cells isolated from spleens exposed to relatively low
oses of high LET ions, and the correlation of our work with tumor
odels, presents further indication of a cancer risk from prolonged

pace travel.
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