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Abstract: In this study, we aimed to investigate how homologous recombinant (HR)-related genomic instability is
involved in ionizing radiation (IR)-induced thymic lymphoma in mice. We divided five-week-old Rosa26 Direct Repeat-
GFP (RaDR-GFP) transgenic mice into non-IR control and IR groups and exposed the mice in the IR group to a 7.2
Gy dose of y-rays, delivered in 1.8 Gy fractions, once a week for four weeks. We then estimated mouse survival and
recorded their body, thymus, and spleen weights. The frequency of HR events in the chromosomes of the thymus,
bone marrow, and spleen cells and the phenotype of thymic lymphoma cells were analyzed using fluorescence-
activated cell sorting (FACS). We found that most mice in the IR group developed thymic lymphoma, their survival
rate decreasing to 20% after 180 days of IR exposure, whereas no mice died in the non-IR control group until day
400. The thymus and spleen weighed significantly more in the IR-4-month group than that in the non-IR group;
however, we observed no significant differences between the body weights of the control and IR mice. FACS analysis
indicated that the frequency of HR events significantly increased at two and four months after the last IR dose in the
bone marrow and thymus cells, but not in the spleen cells of RaDR-GFP transgenic mice, suggesting that recombi-
nant cells accumulated in the thymus upon IR exposure. This suggests that IR induces genome instability, revealed
as increased HR, that drives the development of thymic lymphoma. Additionally, phenotypic analysis of lymphoma
cells showed an increase in the CD4-/CD8* (CD8SP) cell population and a decrease in the CD4*/CD8 (CD4SP) cell
population in the IR-4-month group compared to that in the non-IR group, indicating that IR induces an aberrant cell
phenotype characteristic of lymphoma. In conclusion, we observed a significant increase in HR events and abnormal
phenotype in thymic lymphoma cells at two and four months after IR exposure in both the thymus and bone marrow
tissues, suggesting that genomic instability is involved in the early stages of thymic lymphomagenesis. Our study
indicates that HR-visualizing RaDR-GFP transgenic mice can help explore the links between the molecular mecha-
nisms of genome instability and IR-induced tumorigenesis.
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Introduction tion (HR) or non-homologous end-joining (NHEJ)

pathway [1-5]. HR maintains genomic stability
lonizing radiation (IR)-induced DNA double- by repairing complex DNA damage such as
strand breaks (DSBs) are the most damaging DSBs and inter-strand crosslinks [6-8], which
types of DNA damage and are generally would otherwise result in altered DNA sequenc-

repaired by either the homologous recombina- es (mutations) and altered genome structures
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(translocations, amplifications, inversions, and
other complex rearrangement), destabilizing
the genome and initiating tumorigenesis [9-12].

Genome instability can be characterized by
reduced subcloning efficiency, karyotype het-
erogeneity, chromosome modification, micro-
nucleus formation, altered mutation rates,
gene amplification, and carcinogenesis-related
microsatellite instability [13-15]. Destabilization
of the genome is widely accepted as one of
the most important steps in carcinogenesis
[16-18]. Genome instability is a dynamic pro-
cess that continuously modifies the genome of
tumor cells over time [19-23]. The induction of
thymic lymphoma in mice using IR was first
performed more than 70 years ago [24]. Kaplan
et al. determined the optimal dose fraction
period [25] widely used as a typical radiation-
induced animal carcinogenesis model. C57BL
mice, one of the most commonly used mouse
strains, and its substrains, such as BALB/c
and NFS mice, are susceptible to developing
thymic lymphoma upon IR exposure [26-30].
The molecular mechanisms of IR-induced thy-
mic lymphoma include upregulation of methyl-
transferase SET domain-containing protein 4
(SETD4), miR-21 overexpression, KRAS and
p53 mutations, 5’-deletion of Notch1 gene, and
stable DNA hypomethylation [31-37].

Recently, Engelward Laboratory developed the
RaDR-GFP (Rosa26 Direct Repeat-GFP) mouse
model, which enables visualization and quanti-
fication of HR DNA damage repair events in vivo
[38, 39]. In the present study, we used this
RaDR-GFP transgenic mouse model to ex-
amine HR-mediated genome instability during
the development of radiation-induced thymic
lymphoma.

Materials and methods
Animals and irradiation

RaDR-GFP transgenic mice on a C57BL/6)J
background were originally made in Engelward
Lab (Massachusetts Institute of Technology,
USA). A direct repeat HR substrate in the mou-
se genome is targeted to the ubiquitously
expressed Rosa26 locus, and homologous
recombination between the two truncated
EGFP expression cassettes yields a fluorescent
signal. We used homozygous RaDR-GFP mice
generated by an intercross between heterozy-
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gotes [38]. The mice were maintained in a
pathogen-free (SPF) animal facility with auto-
claved cages and sterilized wood chips and fed
standard laboratory chow (MB-1, Funabashi
Farm Co., Japan) and acidified water ad libi-
tum. We divided five-week-old male RaDR-GFP
transgenic mice into non-IR control (n=5) and
IR groups (n=15) for survival rate analysis. In
addition, a total 17 non-IR control and 20 IR
mice were used for FACS analysis. IR group
mice were exposed to a 7.2 Gy dose of y-rays
delivered in 1.8 Gy fractions (Cesium 137, do-
se rate 1 cGy/min) once a week for 4 weeks.
The mice were held in acrylic containers and
exposed to total body irradiation (TBI) at room
temperature, and their survival rate and body
weight changes were calculated. Some mice
were euthanized at 1, 2, 4-month after the last
IR dose, and the thymus and spleen weights
were estimated. We performed the histopatho-
logical analysis of IR-induced thymic lympho-
ma and other tissues such as the spleen, pan-
creas, and liver using hematoxylin and eosin
(HE) staining. All animal studies were conduct-
ed in accordance with the QST’s Institutional
Animal Welfare Guidelines and were approved
by the Animal Experiments Ethics Committee
(Approval number: No. 14-1014-2).

Analysis of recombinant cells in the thymus,
bone marrow, and spleen tissues

In order to observe HR events (GFP-positive
cells) using a fluorescence microscope in the
thymic and pancreatic tissues of RaDR-GFP
transgenic mice with or without TBI. The visual
detection of recombinant cells was done in a
blinded fashion. Then we detected and ana-
lyzed the frequency of HR events in the chro-
mosomes of the thymus, bone marrow, and
spleen cells of RaDR-GFP transgenic mice
using flow cytometry. We treated the bone mar-
row, spleen, and thymus tissues with Tris-
buffered ammonium chloride to lyse the
RBCs. The tissue suspensions were then
washed with phosphate buffered saline (PBS)
to prepare single-cell suspensions, which were
filtered through a 40-mm cell strainer (Corn-
ing Inc, Corning, New York) and fixed with 1%
paraformaldehyde PBS (Wako Pure Chemical
Industries) at 4°C. The cells were washed on-
ce again with PBS, resuspended in Opti-MEM
(Life Technologies, Carlsbad, CA, USA), filtered
through a 35-mm cell strainer (Corning Inc),
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Figure 1. The overall survival rate of RaDR-GFP trans-
genic mice with or without TBI. Mice in the IR group
were exposed to 1.8 Gy of y-rays once a week for 4
weeks. “P<0.05 compared to the control.

and then subjected to FACS (Becton Dickinson,
Franklin Lakes, NJ, USA). We used the cells
from C57BL/6-Tg (CAG-EGFP) mice (SLC, Inc.,
Japan) constitutively expressing EGFP and
wild-type C57BL/6J mice with no EGFP expres-
sion as positive and negative controls [40, 41].
The RaDR-GFP-positive cells showed higher
fluorescence at 530 nm than at 580 nm,
reflecting HR events in the cells. We analyzed
at least 1 million cells from 3 mice for each
point. The frequency of recombinant cells was
expressed as the number of GFP-positive cell
per million nucleated cells.

Phenotype analysis of lymphoma cells

Normal thymocytes are composed of sub-
populations of CD4/CD8 (DN), CD4*/CD8*
(DP), CD4*/CD8 (CD4SP), and CD4/CD8*
(CD8SP) cells [42]. In general, the DN cells are
the least developed, which differentiate into
DP cells via intermediate CD8SP cells [43].
Only a small fraction of DP cells differentiate
into either CD4SP or CD8SP cells after thymic
selection and migrate to peripheral lymphoid
organs [44, 45]. For analysis of thymocytes in
lymphoma and control thymus, single cell sus-
pensions were mechanically prepared. Cells
were incubated with anti-Fcy llI/Il receptor
(2.4G2) (Biolegend) to block Fc receptors and
then stained with PE-Cy7 conjugated anti-CD4
(RM4-5) (Biolegend) and APC-Cy7 conjugated
CD8a (53-6.7) (Biolegend) in 2% FBS contain-
ing PBS. Dead cells were excluded by staining
with 7-aminoactinomycin D (Wako). Stained
cells were analyzed with FACS Canto Il (BD
Bioscience).
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Statistical analysis

We used the StatView software (SAS Institute,
Inc., Cary, NC, USA) to perform one-way analy-
sis of variance and Mann-Whitney U test for
differences in the mean between groups.
Statistical significance was set at P<0.05.

Results

Survival rate of RaDR-GFP transgenic mice
after IR exposure

To investigate IR-induced tumorigenesis, we
irradiated RaDR-GFP transgenic mice witha 7.2
Gy dose of y-rays delivered in 1.8 Gy fractions,
once a week for 4 weeks. Most mice developed
thymic lymphoma, and the survival rate
decreased to 20% at 180 days in the IR group,
whereas no mice died until 400 days in the
non-IR control group (Figure 1).

Morphological and histopathological confirma-
tion of thymic lymphoma and its metastasis
after IR exposure

We performed macroscopic and histopatho-
logical analyses to examine IR-induced thymic
lymphoma. We did not observe significant dif-
ferences in the body weights of the non-IR
control and IR mice (Figure 2A). However, the
thymus (Figure 2B) and spleen weights (Fi-
gure 2C) in IR mice were significantly increased
compared to those in the non-IR control group
at 4 months after the last IR dose. The histo-
pathological analysis revealed most of the
enlarged thymus to be thymic lymphoma
(Figure 2D), with a tumor incidence (4 months
after the last IR) of up to 90% in the IR group.
No tumor was induced in the non-IR control
group (Figure 2D). We observed metastasis in
many organs, including the liver (Figure 2E),
pancreas (Figure 2F), lungs (Figure 2G), and
kidneys (Figure 2H), suggesting that IR-induced
thymic lymphoma is aggressive and has a high
potential to cause distant metastases.

Visible HR events in tissues of non-IR control
and IR-induced thymic lymphoma

To confirm the visible HR events occurring after
IR exposure in RaDR-GFP transgenic mice, we
prepared tissues of non-IR control thymus, pan-
creas, and IR-induced thymic lymphoma in 4
mm frozen sections stained with DAPI. GFP-
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Figure 2. (A) Body weight changes in RaDR-GFP transgenic mice 1, 2, and 4 months after TBI. (B) Morphological
and weight changes of thymus in RaDR-GFP transgenic mice 1, 2, and 4 months after TBI. (C) Morphological and
weight changes of spleen in RaDR-GFP transgenic mice 1, 2, and 4 months after TBI. (D) Histopathological changes
in the thymus of non-IR and IR mice. Histopathological changes in the liver (E), pancreas (F), lung (G) and kidney (H)
of non-IR and IR mice. Metastases were only seen in the liver, pancreas, lung and kidney of IR mice. Dotted circles

indicate the metastasis sites in the various tissues. "P<0.05 compared to the control.
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Figure 3. Representative photos of HR events (GFP-positive cells) as observed using a fluorescence microscope in
the thymus of IR mice (A), non-IR control (B), and the pancreas of non-IR control (C) RaDR-GFP transgenic mice. Ar-
rows indicate GFP-positive cells in the thymic and pancreatic tissues of RaDR-GFP transgenic mice.

positive cells were observed using fluorescen-
ce microscopy in the IR-induced thymic lympho-
ma tissues (Figure 3A) but not in the non-IR
control thymus tissues (Figure 3B), indicating
that IR promotes HR events in murine thymus
tissue. Interestingly, we observed few GFP-
positive cells in the pancreas of non-IR control
mice (Figure 3C).

HR frequency in the thymus, bone marrow,
and spleen tissue after IR exposure

We performed FACS analysis to quantify HR
events in hematopoietic tissues, including thy-
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mocytes, bone marrow, and splenocytes. A sig-
nificant increase in the frequency of HR events
was observed 2 to 4 months after the last IR
dose in the thymus (Figure 4A) and bone mar-
row (Figure 4B), and an increasing tendency of
HR events in the spleen (Figure 4C) of the
RaDR-GFP transgenic mice, suggesting that
recombinant cells accumulated in the first two
tissues upon IR exposure and that genomic
instability was involved in the development
mouse thymic lymphoma. We see quite a bit of
variation among mice, so it isn’t surprising that
the results | spleen are not statistically
significant.
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Figure 4. HR frequency analysis using FACS in the thymus, bone marrow, and spleen tissues of RaDR-GFP transgenic mice with or without TBI. For each of three ex-
periments, there were three technical repeats. Light bars represent control samples and dark bars represent IR-treated samples. "P<0.05 compared to the control.
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Phenotypic changes in lymphoma cells after IR
exposure

To identify phenotypic changes in thymic lym-
phoma cells, FACS analysis was performed
using PE-Cy7 conjugated anti-CD4 (RM4-5) and
APC-Cy7 conjugated anti-CD8a antibodies. A
representative flow cytometry plots showing
CD4/CD8 (DN), CD4*/CD8" (DP), CD4*/CD8&
(CD4SP), and CD4/CD8* (CD8SP) cells is
shown in Figure 5A. We found that the CD4/
CD8* (CD8SP) (Figure 5B) cell population in-
creased, while that of the CD4'/CD8 (CD4SP)
(Figure 5C) decreased significantly 4 months
after IR exposure compared to that in the non-
IR group. In contrast, the CD4*/CD8* (DP)
(Figure 5D) cell population increased, and that
of the CD4-/CD8 (DN) (Figure 5E) decreased
significantly 2 months after IR exposure com-
pared to that in the non-IR group.

Discussion

In the present study, we found that 4x1.8 Gy
of y-ray irradiation could induce thymic lympho-
ma in more than 90% of RaDR-GFP transgenic
mice 180 days after the last exposure, de-
creasing their survival rate to 20%. In contrast,
the thymus was not enlarged, and the mice did
not die in the non-IR mice group until day 400.
Additionally, the thymus and spleen from IR
mice weighed significantly more than those
from the non-IR mice. However, the body
weights of IR and non-IR mice were similar.
The pathological analysis revealed the enlarg-
ed thymus to be thymic lymphoma. IR-induced
thymic lymphoma caused distant metastases
in multiple organs, including lungs, liver, pan-
creas, and kidneys. This is in line with previous
reports that total-body IR frequently induces
thymic lymphomas in certain strains of mice,
such as Cb57BL, BALB/c, and NFS mice
[24-30].

Genomic instability is a hallmark of tumorigen-
esis. IR can destabilize the genome, resulting in
mutations and chromosomal aberrations in
cells due to misrepair of DNA damage [9-15,
46, 47]. HR is an evolutionarily conserved
basic process that plays a major role in main-
taining genomic stability through DNA repair
and protection. Erroneous HR destabilizes the
genome, inducing tumorigenesis [6-9, 43].
Recently, Park et al. reported that partial loss
of function of HR gene BRCA1 causes the devel-
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opment of T-lymphoblastic lymphoma using
mouse model [48]. However, there is a lack of
in vivo data on how genomic instability initiat-
ed by the HR process consequently develops
into cancer. The present study utilizes the
RaDR-GFP transgenic mouse model to monitor
HR events in many different tissues [38-40].
We directly visualized GFP-positive cells in
IR-induced thymic lymphoma via fluorescence
microscopy and observed a significant increa-
se in the frequency of HR events in the bone
marrow and thymus 2 to 4 months after IR. No
such events were found in non-IR control mice.
This finding suggests that the genomic instabil-
ity caused by HR is involved in IR-induced thy-
mic lymphoma. We have also examined GFP-
positive cell distributions in the pancreas, liver
and kidney of non-IR control mice in this study.
We found GFP-positive cells in the pancreas
and very a few in the liver tissues, but none in
Kidney. This is in line with previous report that
GFP-positive cells can be found in 11 different
tissues including pancreas and liver of RaDR-
GFP transgenic mice [38].

In this study, phenotypic analysis of thymic lym-
phoma cells showed an increased DP cell popu-
lation and a decreased DN cell population 2
months after the last IR dose and an increas-
ed CD8SP cell population and a decreased
CDA4SP cell population 4 months after the last
IR dose in the IR mice compared to that in the
non-IR mice. An important question is the
mechanism underlying the IR-inducing onset of
thymic lymphoma. Interestingly, a previous
study showed that, in the absence of recombi-
nase, IR induced differentiation of DN into DP
without T cell receptor beta (TCRb) rearrange-
ment [49]. Moreover, other studies showed
that by-passing [-selection spontaneously
developed CD8SP lymphoma in the thymus
[50, 51]. Overall, one possible mechanism of
the lymphoma onset is that IR may induces an
abnormal conversion of a small population of
DN into DP without PB-selection, leading to
development of CD8SP thymoma, which may
be gradually increased in the thymus.

In summary, we observed prominent HR events
2 and 4 months after the last dose IR in both
the thymus and bone marrow tissues, suggest-
ing HR-mediated genomic instability is involved
in the development of thymic lymphoma. Our
study indicates that HR-visualizing RaDR-GFP
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transgenic mice can be used to explore the
molecular mechanisms of genome instability
as it relates to IR-induced tumorigenesis.
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